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Chamberlain & Hookham Ltd. 


INTRODUCTION. 

N a single-phase circuit 
containing inductance 
and resistance the total 

current will lag behind the 
impressed voltage by an angle 
depending upon the ratio of 
inductance to resistance. A 
typical case is shown in 
fig. 1, using r.m.s. values for convenience. As is well 
known, the power in such a circuit is given by : 


of electric power. 


Company. 


P = BB. i, = 6.41, c08¢ (1) 


where cos ¢ is the power factor. Thus in the case 
shown, although the only component of current doing 
useful work is /,,, the supply cables are required to 
carry the whole current /;, resulting in higher distri- 
bution losses. The distribution loss is given by : 
Loss T,?R. } ms EPR, (2) 


where R. is the resistance of cables, transformer 
windings, etc., back to the source. As there is a maxi- 
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Fig. |.—Vector diagram of single phase load. 





The widespread use of electromagnetic 
apparatus in modern industry has accentuated 
problems in the generation and distribution 


author discusses the theory of power factor 
correction and describes a control relay 
which has been developed recently by the 


mum current which can be 
carried by the cables for 
normal temperature rise and 
voltage drop, the presence of 
reactive current obviously re- 
duces their effective load 
carrying capacity. The re- 
lationships between wasted 
cable capacity and power 
factor, and between wasted cable capacity and reactive 
current are shown in fig. 2. The relationship between 
power factor and /, is given by : 


this article the 


PF. Cos tan’ I, | (3) 
} \ le" | i," 





and the relationship is shown graphically in fig. 3. 
From equations (2) and (3) it will be seen that for 
any given value of /,, the power factor can take a 
range of values depending upon the value of /,,, where- 
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Fig. 2.—Relationships between wasted cable capacity, reactive 
current, and power factor. 
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as the additional cable loss is dependent upon /, 
only. The foregoing elementary considerations lead 
to the conclusion that the important criterion of an 
inductive load is the value of reactive current and 
that the power factor of the load is merely incidental, 
being significant at high values of load only. However, 
the importance of cos ¢ in energy metering and its 
use as a basis of supply tariffs makes it probable that 
emphasis will remain on power factor. 

The vector diagrams and foregoing discussion have 
been based upon a single-phase circuit, but a little 
consideration will show that the arguments may be 
applied legitimately to polyphase circuits carrying 
balanced loads. 


POWER FACTOR CORRECTION. 

The conditions considered in the previous section are 
typical of those found in modern industry where there 
is a growing tendency to motorise productive machines 
individually. Separate motorisation has many operat- 
ing advantages, but from the supply point of view 
has the disadvantage of greater magnetising, and 
hence reactive, current. The additional distribution 
losses and reactive current generation resulting from 
the greater use of electromagnetic apparatus has caused 
the supply authorities to discourage consumers from 
drawing loads of low power factor, and consequently 
supply tariffs for industry usually are based on kVA 
maximum demand and or a minimum power factor in 
such a way that penalties are incurred if the load 
includes excessive reactive current. 

The basis of all power factor correction methods is 
the installation of suitable apparatus which will draw 
sufficient leading reactive current to neutralise the 
lagging reactive current of the load. Such apparatus 
can be divided into two categories, first, synchronous 
condensers (synchronous motors with over-excitation), 
and second, static condensers. The improvements in 
performance and reliability of static condensers, 
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Fig. 3.—Relationships between wattful current, reactive current, 
and power factor. 
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together with the negligible maintenance required, 
have established them as the preferred apparatus in 
most cases, and they may be connected in various 
parts of the system. By far the simplest method, 
technically, is to connect a corrective condenser directly 
across the terminals of each machine. Such power 
factor correction is “ automatic ”’ in the sense that the 
machine and its condenser are energised simultaneously 
without the need for any other apparatus, but has 
several disadvantages ; it is not always convenient to 
find storage space near to the machine, also a large 
number of units may be more costly than one central- 
ised unit. Further, the load factor in many cases is 
such that correction for the total number of machines 
is unnecessary. Another arrangement which may 
be used consists of a centralised bank of condensers 
at the supply point to the factory, where the separate 
condensers are switched in and out, as required, by a 
suitable control relay. While this method 1s satisfactory 
from the tariff-saving point of view it does nothing 
to minimise the internal volt-drop of the factory 
distribution system. A third, and preferable, method 
is a compromise between the two previous methods, and 
consists of banks of condensers installed at suitable 
load centres of the factory, each bank being automati- 
cally adjusted, as required, by a control relay. ‘This 
arrangement satisfactorily reduces volt-drop in the 
distribution system at the same time as minimising 
power supply costs. 


MEASUREMENT OF REACTIVE CURRENT. 

As the real aim of power factor correction is the 
limitation of reactive current, the control relay should 
respond to changes in reactive current, and should 
alter the number of condensers in circuit whenever 
pre-set limits of reactive current are exceeded. The 
term “reactive current’”’ presupposes, however, a 
phase angle of 90 with the impressed voltage, and such 
current cannot, therefore, be measured in the abstract, 
but must be measured in conjunction with the im- 
pressed voltage or with some voltage having a known 
fixed phase relationship with the impressed voltage. 
In practice control relays are arranged to respond to 
the product of impressed voltage and reactive current, 
i.e. they measure VAr. Possible operating difficulties 
due to changes in supply voltage are dealt with under 
the heading “** Operating Conditions”’ later in this 
article, but in general supply voltages are sufficiently 
constant to give trouble-free working. 

The total VAr of a three-phase three-wire circuit 
can be measured by the well-known two wattmeter 
method provided the currents in the two voltage coils 
are retarded in phase by 90° from their normal vectorial 
positions. This method is true for any conditions of 
voltage unbalance, current unbalance, or waveform 
distortion, but is rarely used for a power factor control 
relay as the technical problems involved result in a 
bulkier and more costly relay than the special circum- 
stances justify. The majority of reactive current 
drawn from three-phase supplies is undoubtedly due 
to three-phase apparatus and consequently the 
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Fig. 4.—Modified two-wattmeter connection for measuring VAr. Eac 








ls 














i 

! 
wms—i—‘(‘(C t*t*W Cl! RE ee ae 
3WIRE B G<D —+ 








SUPPLY 
Rages Ener 7 
' ! 
i 








— > |. 
CURRENTS SHOWN 
FOR PF. =10 
ee '. 
Be I¢ 
i Ie 





reactive currents are reasonably balanced in all three 
lines. Further, three-phase machines have the property 
of self-generation which tends to maintain balanced 
line voltages. In these special circumstances, there- 
fore, it is possible to use measurement methods which 
depend upon balanced voltages for maintained 
accuracy. One method uses two wattmeter elements 
with modified connections as in fig. 4. This has no 
special merit over the simpler method to be described 
below, and has the disadvantage that if current trans- 
formation is necessary, two transformers are required. 





loading, containing variable reactive current, it is 
possible to control single-phase corrective condensers 
by means of a relay connected as in fig. 6. 


GENERAL ARRANGEMENT OF THE NEW RELAY. 
The preceding sections have dealt with the theory of 
power factor correction applicable to most control 
relays available commercially. It is now possible to 
describe in more detail the Chamberlain & Hookham 
type BrF power factor correction relay which has 
been developed and produced recently. The main 


Fig. 5.—Single element method of measuring VAr in a polyphase 


circuit. 
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The simpler method dispenses with one of the elements 
as shown in fig. 5, is consequently more compact in 
size, and requires only one current transformer. 
In the circumstances mentioned there is no appreciable 
reduction in accuracy with this method and it forms 
the basis of several power factor correction control 
relays. 

In the three-phase cases mentioned above, the 
correction condensers are, of course, connected to the 
circuit in balanced three-phase sets, but in the very 
rare cases where there is known heavy single-phase 


features of the relay are its compactness compared 
with previous designs and the robustness of its contacts. 

The type Bpr relay consists of two electrically 
interdependent parts, the first of which is an induction 
pattern mechanism sensitive to reactive volt-amperes, 
and the second of which is a switching unit, driven 
by a reversible motor. The reactive volt-ampere 
element operates on the well-known principle of the 
induction watt-hour meter and consists essentially of 
two electromagnets between which a pivoted alum- 
inium disc is free to rotate. Figs 5 and 6 show the 


Fig. 6.—Connections for control relay for power factor correction 


of heavy single phase load. 
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manner in which the current and voltage coils are 
connected into the load circuit, depending upon the 
particular application. Under conditions of unity 
power factor load no torque is developed on the disc 
and it remains stationary under the influence of a 
centralising hairspring. When, however, the load is 
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connected via a train of gears to a contact-making 
device which progressively closes or opens a series of 
circuits depending upon the direction of rotation. 
These heavy duty contacts (up to ten in number) 
can be used to operate contactors which in turn control 
the number of correction condensers connected to the 
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Fig. 7.—Internal connections of horizontal |0-stage relay. 
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inductive the current lags and becomes more nearly 
in phase with the voltage applied to the voltage electro- 
magnet and there is a forward torque developed on the 
disc. Similarly, if the load is capacitive there is a 
reverse torque developed on the disc, and hence 
the deflection of the disc depends upon the sign, as 
well as the magnitude of the reactive volt-amperes 
present in the load. To prevent erratic motion of the 
disc, the necessary damping is provided by two per- 
manent magnets whose magnetic flux passes through 
the disc. A moving contact is attached to the disc and 
‘“ floats > between two adjustable contacts which are 
connected to the outer ends of the secondary winding 
of the switching unit reversible motor described below. 

The switching unit reversible motor is also based on 
the induction watt-hour meter and has a pivoted copper 
disc free to rotate between two electromagnets. 
Over the voltage winding of the upper electromagnet, 
and insulated from it, is wound a centre-tapped 
secondary coil which is used to energise the lower 
electromagnet winding. One terminal of the lower 
electromagnet winding is connected to the centre 
tap of the secondary coil and the other terminal is 
energised via either of the adjustable contacts on the 
VAr element as shown in fig. 7. From the above des- 
cripuon it will be clear that the reversible motor will 
Start up when the VAr element moving contact has 
been deflected sufficiently to touch one of the adyjust- 
able contacts, and the direction of rotation of the 
motor will depend upon the sign of the reactive volt- 
amperes in the load circuit. The reversible motor 1s 


load circuit. Thus the switching unit will continue to 
adjust the number of condensers until stopped by the 
centralisation of the VAr element contact when the 
reactive current has been reduced to an acceptable 
value. 


THE VAR ELEMENT. 

The current winding of the VAr element is tapped 
at intervals and is connected to a plug bridge by which 
the number of turns, and hence the sensitivity, may 
be selected. The plug bridge is mounted directly 
above the electromagnets and is so arranged that when 
the plug is withdrawn, the highest setting is automatic- 
ally selected and there is no possibility of the associated 
current transformer being open-circuited. No special 
tool is required to change the setting, as the plug may 
be removed or inserted into the desired setting by hand. 
Good contact at the plug bridge is ensured by the 
application of adequate spring pressure to the con- 
tacting surfaces. The standard plug bridge settings 
are 4 per cent., 12 per cent., and 20 per cent. of the 
nominal full load VA of the relay (obtained by multi- 
plying the level voltage and current ratings). It should 
be noted that although the relay is sensitive to such 
low values of reactive current it must still carry large 
values of wattful current, and consequently the coils 
are designed to carry full load current continuously, 
irrespective of the setting. 

Attached to the back plate, which supports the elec- 
tromagnets, is a die cast aluminium frame carrying the 
disc, adjustable contacts, and brake magnets. The 
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frame may be removed easily for examination of the 
moving parts and no recalibration is necessary after 
replacement as the frame is accurately located on the 
back plate by the fixing screws. The adjustable con- 
tacts are independently movable and each is locked to 
the contact carrier by a knurled insulating knob 
which requires slackening off by the fingers prior to 
adjustment. An index attached to each contact is 
associated with a single scale calibrated in units up to 
4 on each side of a central zero. The readings on this 
scale are multipliers which must be applied to the 
selected plug setting and hence, by suitable combina- 
tions of plug setting and contact position, relay settings 
between 4 per cent. and 80 per cent. can be obtained 
in either direction. In relays previously obtainable 
each adjustable contact has had its own scale limited 
to calibration in one direction only, but with this new 
relay the single scale with centre zero enables both 
contacts to be set on the same side of zero if required. 
This is a useful feature in practice as it is sometimes 
undesirable to allow a leading power factor to persist, 
as explained below under the heading “ Operating 
Conditions.” 


THE SWITCHING UNIT. 

From the above description it will be seen that the 
VAr element is called upon to close one of two light 
duty contacts, the purpose of which is to influence 
the direction of rotation of the reversible motor on the 
switching unit. By this means high sensitivity is 
possible on the VAr element and at the same time 
robust heavy duty contacts can be operated by the 
ample power available from the reversible motor. A 
further advantage of this arrangement is the inherent 
short time delay between the movement of the VAr 
element contact and the operation of the switching 
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unit. On rapidly fluctuating loads this feature prevents 
excessive operation of the main contactors with the 
attendant wear and increased maintenance. 

Connected to the disc shaft of the reversible motor 
is a gear train terminating in a low speed, high torque 
shaft carrying a cam for operation of the heavy duty 
contacts. The cam assembly is in three parts, the first 
of which is coupled directly to the driving shaft, 
the second of which is dragged in the contact-closing 
direction by means of a spring (and by solid connection 
in the reverse direction) and the third part is likewise 
attached to the second part. This method of attach- 
ment is used in order to obtain rapid making and 
breaking of the contacts, a condition not obtainable 
with one simple cam. By reference to the following 
description and figs. 8 and 9 the switching action of 
the assembly will be appreciated. One of each pair 
of contacts is fitted with a roller and the contact pairs 
are arranged circumferentially round the cams so that 
outward radial motion of the contacts carrying rollers 
causes closure of the respective contact pairs. When 
the cams are rotating in the contact-closing direction 
the second cam is arrested by the engagement of a 
step in its periphery with the roller of the contact about 
to be closed. The first cam continues to rotate, build- 
ing up tension in the spring, until a ramp on its 
periphery lifts the roller over the step, whereupon the 
spring takes control, restores the second cam to its 
normal position and smartly closes the contact by 
driving the contact roller up a ramp on the second cam. 
The third cam is brushed out of the way by the roller 
but returns to its normal position when the contact 
is fully closed. The use of the third cam is apparent 
when the cams are rotating in the contact-opening 
direction, under which condition the contact roller, 
instead of slowly descending the ramp on the second 
cam, is engaged by the circumferential surface of the 
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Fig. 8 (a), (b), (c), (d).—Stages in closing switching unit contact. 








third cam and drops suddenly off its edge, giving rapid 
opening of the contact. 

The operational duty of the contacts depends upon 
the type of contactors used for controlling the correc- 


tion condensers. Where rectified alternating current 
is used for the coil supply, to obtain quietness of opera- 
tion, a large contact gap is necessary to ensure satis- 
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CASES. 


Type BpF relays for switchboards are available in 
projecting or flush pattern cases of cast aluminium and 
finished with durable black enamel. The two elements 
of the relay may be mounted side by side in a hori- 
zontal case (fig. 10) or one above the other in a vertical 
case (fig. 11) whichever is the more convenient for 
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Fig. 9 (a), (b), (c), (d).—Stages in opening of switching unit contact. 


factory interruption of the equivalent of direct current 
in a highly inductive circuit. Where alternating cur- 
rent is used for the coil supply, heavy magnetising 
currents occur at the instant of contact closure and 
massive, self-cooling, contacts having considerable 
contact pressure are required. The switching unit of 
the type BpF relay incorporates all of these features 
—large contact gaps, heavy contact pressure, massive 
contacts—and therefore is suitable for all types of 
installation. Some idea of the robustness of these 
contacts may be obtained from the fact that they are 
capable of making and carrying 200 amp. A.C. for two 
seconds without serious damage. Further advantages 
of this type of contact are that the gaps are always 
accessible for inspection (readily seen through the 
front of the case at all times) and are not subject to the 
breakages in transport which occur with glass-tubed 
mercury switches. 

Attached to the heavy duty contacts at each end of 
the contact bank is a light duty limit switch which 
interrupts the supply to the lower electromagnet to 
prevent further rotation of the disc in that direction 
without interfering with possible rotation in the oppo- 
site direction. This is achieved by including the limit 
switches in the connections between the VAr element 
adjustable contacts and the ends of the secondary coil, 
as shown in fig. 7. A transparent plastic shield over 
the blades of the switching unit prevents accidental 
contact with live parts when replacing the cover. 





the particular application. In each case the interconnec- 
tions between the two elements are carried through 
small terminal blocks mounted on the base so that it 
is quite easy to remove one element without disturbing 
the other. The compactness of the new relay may be 
judged from the panel space required: ~ approx. 
1] in. } in. for the projecting pattern, and approx. 
12} in. x 7? in. for the flush pattern, which is much 
less than that required for relays previously obtainable. 

Type BprF relays are also available in pressed-steel 
vertical cases suitable for wall mounting and may be 
fitted with fuses when required. An additional feature 
which is available in this type of case, but for single 
stage relays only, is a manual switch giving the facilities 
of : 

(a) permanent connection of the condenser ; 

(6) permanent disconnection of the condenser ; 

(c) automatic control of the condenser by the relay. 
Fig. 12 shows a relay with these additional features. 

In some applications 1t may be desirable to mount the 
VAr element near to the current transformer and to 
mount the switching unit near to the contactor gear 
in another part of the factory. To meet such conditions 
the elements are obtainable in separate cases with 
facilities for interconnection. The VAr element in a 
separate case is known as Reactive Volt-Ampere 
Relay, type Brp, and the switching unit in a separate 
case is known as Sequence Switching Relay, type 
Bsg. The panel space required for each of these 
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equal to 30 per cent. of full load watts would be 
acceptable, as this gives a full load power factor of 
approx. 0-96. There are, however, cases where 
the tariff is based on average power factor calcu- 
lated from kWh and kVArh over a long period, 
and it becomes essential to maintain high power 
factors even at low values of load. In such cases 
a reactive VA equal to 4 per cent. of full load 
watts may be the maximum permissible, giving a 
power factor of approx. 0-93 at 10 per cent. of full 
. ) load. The VAr setting of the relay is inde- 
a ) pendent of load and consequently this would give 

apecTion RELY A the high power factor of 0-999 at full load. In an 

TE en e402," , actual installation, therefore, a choice must first 
mgs wae be made of the relay lagging VA setting, depend- 

ing upon which tariff is in operation. This will 
determine the total condenser capacity required 
and the desirable number of stages, after taking 
into account the nature of the uncorrected load. 
At this point economic considerations must be 
borne in mind, for each condenser step requires 
its own contactor and a few heavy duty contactors 





Fig. 10.—Horizontal projecting pattern relay. 


relays is approx. 6} in. x 64 in. for the projecting with large condensers will have a cost different 
pattern and approx. 7? in. x 7? in. for the flush from that of many light duty contactors controlling 
pattern. 


OPERATING CONDITIONS. 

In many installations the supply tariff is based on 
maximum demand kVA and hence the power factor 
of the measured load is only of importance at times of 
maximum load. For such an application a reactive VA 
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Fig. 12.—Single-stage relay in wall-mounting 
Fig. |1.—Vertical flush pattern relay. case, fitted with fuses and on/off/auto-switch. 








small condenser steps. Other factors to be considered 
include maintenance and the space required for the 
installation. In any case the following rules of relay 
application will apply : 

(a) The energising current of every condenser, 
together with the load current, must pass 
through the current coil of the relay. 

Every condenser step must be of the same VAr 
rating. This is because the relay VAr settings 
are constant and independent of load watts. 

Each condenser step must be of smaller VAr 
rating than the difference between the two 
relay settings, and preferably not more than 
60 per cent. of that difference. If the condenser 
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(c) 
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found in practice that if large values of capaci- 
tance are left connected at the end of an unloaded 
supply line resonance may occur, resulting in 
undesirable and dangerous over-voltages. 
Some of the factors involved in the selection of a 


power factor correction scheme having been considered, 
the operation of relay under changing load conditions 
can now be shown. In practice the conditions of load 
increase and change are random, but for ease of demon- 
stration it will be assumed that the uncorrected load is 
of constant power factor and increases uniformly with 
time from zero load to full load. The stages through 
which the system passes are shown in figs 13(a) and 


13(b). The former shows the change of reactive VA 
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Fig. 13 (a).—Variation of VAr with load. 


step VAr equals or exceeds the difference in 
settings, hunting will occur, and the relay 
contact will oscillate from one setting to the 
other alternately over-correcting and under- 
correcting with respect to the relay settings. 
The safety margin of 40 per cent. against 
hunting is of value where the supply voltage is 
subject to fluctuation. Provided the current 
responses of the load and the corrective con- 
densers are linear, the VAr taken by both will be 
praportional to the square of the voltage and 
if at nominal voltage the condenser step VAr 
were just less than the relay setting difference, 
only a slight increase in voltage would be 
necessary to cause the hunting mentioned above. 
If the current response of the load is not 
linear, and magnetic saturation ensues with 
increased voltage, it may be found that the 
condenser is not of sufficient capacity to limit 
reactive current at the higher voltage. Such 
operating difficulties should not occur, however, 
if the suggested margin has been left in condenser 
step size and if the apparatus constituting the 
inductive load has been installed correctly. 

(d) Preferably the leading VAr contact of the relay 

should be set at zero in order to prevent con- 

tinuance of a leading power factor. It has been 


(b).—Variation of power factor with load. 


with load and the latter shows the change of power 
factor with load. Initially the load increases along 
the path OA until at A the relay switches in a condenser 
and the total effective load is then transferred to point 
B. Further increase of load results in the path BC 
being traced out until at C the relay is operated again, 
switching in another condenser and moving the 
effective working point to D. This continues in like 
manner for as many stages as the relay has fitted. 
With decreasing load the reverse happens and the 
working point of the load traverses the path EFGHO. 
From the illustrations it will be seen clearly that the 
relay maintains the reactive VA within certain limits, 
but the power factor can undergo wide changes. 


CONCLUSION. 

The design of the switching unit above is such that 
the complete relay is more compact than any mult- 
stage power factor correction relay previously obtain- 
able, with consequent reduction in the panel space 
necessary for its accommodation. Damage to switches 
in transport has been eliminated by the use of robust 
contacts, of heavy current-handling capacity, utilising 
no glass in their construction. These advantages 
constitute an improvement on conventional pattern 
relays. 
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Twenty Years of Progress in 


High-power Switchgear Testing 


By J. S. CLIFF, M.1.£.£., 
Switchgear Works, Witton. 


INTRODUCTION. 


HE Witton High-power Testing Laboratory was 
TT put into operation in 1934, and was designed to 

provide adequate testing facilities for proving the 
short-circuit performance of circuit breakers rated up 
to 1,500 MVA for service voltages up to 132 kV. This 
covered all the circuit breakers being used in this 
country at that time. Although when the laboratory 
was designed and commissioned, the 1929 edition of the 
relevant circuit breaker specification, British Standard 
No. 116, was in force, a revision of this was anticipated 
and the equipment was made suitable for proving 
circuit breakers rated and tested in accordance with 
British Standard No. 116/1937. It was realised at 





that time that the MVA ratings of circuit breakers, and 
system operating voltages, would increase in the 
future and space was allowed for extending the cap- 
acity of the plant. 

The laboratory was one of the original stations 
forming The Association of Short-circuit Testing 
Authorities (A.S.T.A.) constituted in 1938, and has 
always been closely associated with advances in 
short-circuit testing techniques. This article reviews 
briefly the main improvements which have been 
made in the laboratory and testing techniques 
during the last twenty years in order to keep up 


to date with the requirements for testing modern 
switchgear. 





5 A, 


Fig. |.—No. | Machine room showing the 2,000 MVA test alternator on the right and the air cooling fan on the left. 
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ORIGINAL LABORATORY. 


The original installation (fig. 1) described in this 
Journal, Vol. VII, Nos. 1, 2 and 3, 1936, consisted 
of one specially designed 3-phase alternator running at 
3,000 r.p.m., each phase having two windings which 
could be connected in either series or parallel. The 
three phases could be connected in either star or 
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motor, and provided with a 13-ton flywheel. This 
machine will give 1,200 volts D.C., and when this is 
connected directly to the field winding of the alternator 
by cutting out a series ballast resistance, the field 
current can be increased to seven times normal. This 
enables the decrement of the A.C. component of cur- 
rent, and consequent drop in the recovery voltage, to 





Fig. 2.—Short-circuit closing switch shown in its open position with contact enclosures removed ; 
showing also the mounting of the 3 in. tubular busbars. 


delta. This arrangement provided four testing volt- 
ages at the normal full field current of the machine, 
namely 6:6, 11, 13 and 22 kV. Intermediate voltages 
could be obtained by field regulation. 

For circuit breaker testing to modern switchgear 
specifications the most important characteristic of 
an alternator is the symmetrical current which can 
be obtained after the time delay which 1s necessary 
to allow the D.C. component to fall to less than 20 
per cent. During this delay, which may be as much 
as 0-20 second when the power factor of the circuit 
is less than 0-1, the short-circuit current flowing in 
the stator de-magnetises the alternator field. This 
results in a reduction of the A.C. component of the 
current, and, when the circuit breaker has cleared, 
a value of recovery voltage which 1s less than the 
machine voltage before the short circuit. These effects 
can be reduced, and the effective testing output of the 
alternator increased appreciably, by boosting the alter- 
nator field current during the short circuit. 

To obtain this boosted excitation a special large 
separate exciter was installed, driven by a 1,500 h.p. 


be completely eliminated up to moderate outputs, and 
considerably reduced at the higher values. 

For instance, with an initial three-phase short circuit 
of 780 MVA (symmetrical) the D.C. component 
falls to 20 per cent. in 0-14 second. Without boosted 
excitation the output would fall to 300 MVA in this 
time and the recovery voltage would be 60 per cent. 
of the applied voltage. With boosted excitation for the 
same time the output would fall to only 570 MVA, 
and the recovery voltage would be 85 per cent. of the 
applied voltage. 

The measured symmetrical initial output of the 
machine was over 2,000 MVA, at voltages up to 22 kV, 
and this enabled circuit breakers to be developed and 
proved up to 1,500 MVA in this voltage range. 


HIGH-VOLTAGE TRANSFORMERS. 

For tests at voltages above 22 kV it is necessary to 
use step-up transformers, and, in the original installa- 
tion, three single-phase units were installed. Each 
transformer had double-wound primaries suitable for 
11 or 22 kV, and double-wound secondaries giving 
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19 or 38 kV with insulation for 76 kV to earth. Three- 
phase testing voltages could therefore be obtained at : 
19 kV delta 
33 kV star 
38 kV delta 
66 kV star 

The transformers could also be used for single-phase 
tests with the primaries and secondaries connected 
in parallel respectively, giving testing voltages of 19 
or 38 kV when the transformers were used as double- 
wound units. By connecting the primaries and second- 
aries in series as auto-transformers, testing voltages 
of 30 and 49 kV could be obtained. 

The secondaries of the transformers could also be 
connected in series (with the primaries in parallel 
at 11 or 22 kV for connection to the alternator) giving 
testing voltages of 57, 76, 95 and 114 kV. 

The reactance of the transformer bank was nearly 
the same as that of the alternator, so that when con- 
nected together the MVA output was approximately 
half that obtainable from the alternator alone. This 
enabled three-phase tests up to 750 MVA at 33 and 
66 kV to be made. For higher ratings up to 1,500 MVA, 
and voltages up to 132 kV, single-phase tests could be 
made at voltages equivalent to that of the first phase 
to clear on a three-phase fault, namely 86 per cent. 
of the rated line-line voltage. 


REACTORS AND RESISTORS. 

For controlling the short-circuit cur- 
rents, a three-phase bank of air-cored 
reactors was installed, and provided with 
switching to enable a wide variety of re- 
actance values to be obtained. Variation 
of the short-circuit power factor was 
obtained by using liquid resistors which 
could be connected in series with the 
reactors. 


CLOSING SWITCH. 

For closing the short circuit a special 
air-insulated closing switch (fig. 2) was 
provided, this being arranged so that it 
could be used for tests direct from the 
alternator, or for high-voltage tests by 
closing the primary side of the high- 
voltage step-up transformers. 


RECORDING EQUIPMENT. 

Recording of the short-circuit currents, 
voltages, arc watts, closing and trip coil 
currents, contact travel, and hydraulic 
pressures, was made on a G.E.C. 12- 
element electro-magnetic oscillograph 
(fig. 3) specially designed for this pur- 
pose. 

For recording the restriking voltage 
transients the original installation con- 
sisted of a single-phase instrument, with 
the recording film running at a maximum 
of 20,000 ft./minute within the vacuum. 


The discharge tube was of the cold cathode type 
running at 80 kV D.C. 


LOW-VOLTAGE TRANSFORMER. 


An early addition to the original plant was a step- 
down transformer (fig. 4), suitable for obtaining heavy 
currents at low voltages for testing low-voltage circuit 
breakers and fuses, and also for making short-time 
current tests lasting for several seconds. The three 
phases were accommodated in one tank, oil-immersed, 
and self-cooled. The primary is operated at 11 kV. 
Each secondary phase is wound in four similar sections 
suitable for being connected in series/parallel. The 
three phases can be coupled in either star or delta, 
giving the following testing voltages with 11 kV 
applied to the primary : 550, 950, 1,100, 1,900, 2,200 
and 3,800 volts. Intermediate voltages can be obtained 
by variation of the alternator voltage. At the lowest 
voltage the transformer will give symmetrical currents 
of over 200 kilo-amperes, which is considerably in 
excess of present service requirements. To keep the 
connections as short as possible for these heavy cur- 
rents the transformer has been mounted immediately 
against the wall of the test-bay. 

Since its installation this transformer has been 
used extensively for the development of low voltage 
oil- and air-break circuit breakers, and fuses of all 


types. 














Fig. 3.—I2-element electro-magnetic oscillograph in the control room. 
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Fig. 4.—Low-voltage transformer designed to give symmetrical currents of over 


200 kA at 550 volts. 


POINT ON WAVE OF SHORT-CIRCUIT CLOSING. 

During the testing of high rupturing capa- 
city cartridge fuses it was noticed that the 
performance depended upon the point on the 
voltage wave at which arcing began. To 
investigate this without wasting time and fuses 
on fruitless tests, it is mecessary to be able to 
control the closing of the short circuit with 
respect to the applied voltage wave. The 
closing characteristics of the making-switch 
were therefore analysed and it was found that 
by simple modifications to the closing solenoid 
and latch mechanism it was possible to obtain 
a closing time consistent to within +- 5 electrical 
degrees. By energising the closing coil through 
a gas-filled relay, the grid of which is supplied 
through a phase shifter and pulse circuit 
from the constant voltage output of a small 
alternator connected directly to the main 
alternator shaft, it was possible to obtain an 
overall consistency of 10 electrical degrees. 
Since the installation of this control in 1940 it 
has been used regularly for both high- and 
medium-voltage fuse testing, and the require- 
ment that the start of the arcing of the fuse shall 
be related to a point on the voltage wave has 
now been incorporated into several national 
fuse specifications. 

The ability to choose the point on the volt- 
age wave at which a short circuit 1s closed 1s 
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also of considerable value when testing 
large circuit breakers, as it enables 
symmetrical or asymmetrical single- 
phase currents to be obtained at will. 
This considerably facilitates develop- 
ment testing of the circuit breakers for 
the higher voltages and MVA ratings by 
single-phase tests. Also, by avoiding 
the time delay necessary to lower the 
D.C. component, symmetrical current 
tests can be made with less reduction by 
decrement at the higher powers, thus 
appreciably increasing the available effec- 
tive output. By unit testing of one arc 
control pot of a miulti-break circuit 
breaker it was possible to make effective 
tests on still higher ratings. For in- 
stance, by fitting a temporary test bush- 
ing into the side of a 132 kV oil circuit 
breaker tank it was possible to make 
tests equivalent to a rating of 2,500 MVA 
on one arc control pot, with the original 
plant. 


RECORDING OF RESTRIKING VOLTAGE. 

For testing air-blast circuit breakers it 
was apparent that the restriking volt- 
age characteristics of the circuit must 
be taken into account. Preliminary 
calculations and natural frequency 





Fig. 5.—4-tube cathode ray oscillograph. 
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measurements soon showed that 
there were wide variations in re- 
striking voltage wave-form depend- 
ing upon the test-circuit constants. 
As rapid analysis of these character- 
istics was necessary during testing, 
a restriking voltage indicator was 
obtained. This enabled a rapid 
survey to be made by applying the 
instrument to the test-circuit after 
switching the various components 
to the required values, but without 
the necessity of energising the cir- 
cuit or applying a short circuit. 

The effect of changing the cir- 
cuit parameters could also be 
studied very quickly. In 1937 
the cathode ray oscillograph record- 
ing equipment was extended by 
adding a three-phase unit, with the 
film within the vacuum and capable 
of rotating at 20,000 ft./minute, ' 
and later the original single-phase : 
unit was modified to use four sealed Fig. 7.—The exciter set in No. 2 machine room. The driving motor is rated at 
glass cathode ray tubes (fig. 5). ! 500 h.p., and is coupled to a | 3-ton flywheel. 








SPECIAL CAMERAS. 


In addition to an ordinary 16 mm. cine-camera recording the more important tests, an Eastman 
operating at 16 frames/second, which was used for high-speed cine-camera was obtained. This is capable 
of recording on 16 mm. film at 
: speeds up to 3,500 frames /second, and, 

> TO ee in addition to its use for recording 
D> ee , arc behaviour, was very useful for slow- 

NE , motion investigation of mechanical prob- 

Be lems. Facilities were also installed for 
developing the films, and projecting 
them for analysis. 


PLANT EXTENSIONS. 

After the war it was quite clear that 
system short-circuit capacities and sys- 
tem voltages would increase rapidly and 
that the original plant would become 
inadequate. Various indirect or syn- 
thetic testing circuits were considered, 
whereby the short-circuit current could 
be applied from the existing plant and 
the restriking voltage applied separately 
at a higher value, from either new trans- 
formers or from impulse voltage cir- 
cuits. None of such schemes offered 
reliable proof of rating for all types of 
circuit breakers, and it was decided to 
increase the output by adding additional 
alternator and transformer capacity. 


No. 2 ALTERNATOR. 
one ~ —— The original alternator had given 
a — 8 B} 
/ a5 5 aia extremely good service with only minor 
, a 7, ee oe troubles, and the design gave the 
Fig. 6.—The 2,000 MVA alternator in No. 2 machine room. The driving motor optumum output for a given expenditure. 
and flywheel of the exciter set are seen in the foreground. For parallel running under short-circuit 


7 - ee 
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conditions it was desirable to have identical designs, fully matched so that there is negligible circulating 
So it was decided to make the second machine (fig. 6) current and the total excitation current is shared 
to the same design as the first, except for minor equally. As the alternator voltages rise the two 
improvements which were incorporated as a result of alternators automatically pull into step, and the test 


experience with the first machine. 


voltage can be controlled by adjusting the voltage 
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Fig. 8.—Diagrammatic arrangement of the main connections of the generating plant. 


The increased output was mainly required for tests of the two exciters by means of the single regulator. 
at voltages above 22 kV, when it would be necessary The alternator field ampere-turns have also been 
to use the step-up transformers. With the additional balanced so that the stator voltages rise together with 
reactance of the transformers the output per machine negligible circulating current. A few cycles prior 
would be approximately 900 MVA three-phase, and to the application of the short circuit the alternator 
as has been shown above at this output there is an fields are boosted by closing (by the automatic 


appreciable gain by using boosted excita- 
tion. It was therefore decided to use 
boosted excitation for both alternators, 
using the same range of boost, namely 
seven times normal field current. To 
do this necessitated a second exciter 
(fig. 7) of the same design as the first. 


PARALLEL OPERATION. 

The main electrical connections of 
the two sets of machines, and test cir- 
cuit, are shown diagrammatically in 
fig. 8. The procedure for running the 
machines in parallel is very simple. 
The two master circuit breakers are 
closed, with either the making-switch or 
test circuit breaker open (depending 
upon whether a break or make-break 
test 1s to be done), with the alternators 
running at full speed, but without 
excitation. The stators can be con- 
nected in parallel either directly by 
closing link A, or with reactors in 
series with each machine by closing 
link B. The two D.C. high-speed 
circuit breakers (fig. 9) are then closed 
putting the two exciters into parallel 
and on to the two alternator fields in 
parallel, through the ballast resistance. 
When the exciter field contactor 1s 
closed, and the field current increased 
by the single field regulator (operated 
from the control room), the exciter 
voltages rise together. The character- 
istics of the two exciters have been care- 





Eig. 9.—Excitation ccntrol board in No. 2 machine room showing the high-speed 
D.C. circuit breakers. 








HIGH POWER SWITCHGEAR TESTING 85 








Fig. 10.—The automatic timing controller in the control room. 


timing controller (fig. 10)) the boost contactor which 
cuts out the ballast resistance in the alternator fields. 
The two alternators share the short- 
circuit current equally, slowing down 
together and holding in step. After the 
clearance of the short circuit the field 
contactors, the master circuit breakers, 
the boost contactor and the high-speed 
circuit breakers are opened. 

This simple method of parallel opera- 
tion has worked very satisfactorily and 
enables a single engineer to operate the 
two exciters and two alternators through- 
out the testing, including bringing the 
four machines back up to full speed in 
the three-minute intervals of duty cycles. 

The additional alternator and exciter 
were housed in a new machine room 
immediately alongside the original one. 
This also contains the second master 
circuit breaker, and a new bank of 
reactors (fig. 11) of similar reactance 
value to those provided for the first 
machine. These were of a new construc- 
tion consisting of cable wound on a 
bakelite cylinder, and clamped by axial 
tie-bolts between strong wooden end- 
plates. This type of reactor gives better 
restriking voltage characteristics than the 
original concrete design, and those in 
the original station have now been 
replaced by the new type. 

The outputs from the two alternators Fig 
are paralleled on the incoming side of 


the making switch, and as the original design was ade- 
quate for the increased powers no change was necessary. 


NEW SUBSTATION. 


To supply the additional power required to drive 
the new alternator and exciter, a new substation 
was built, in which the incoming supply at 11 kV is 
transformed down to 550 and 440 volts through three 
transformers having a total capacity of 9,000 kVA. 
The low voltage side is controlled by 25 MVA air- 
break circuit breakers remotely operated from the 
control room. These have proved to be very satis- 
factory for the frequent switching on and off of the 
starting currents of the driving motors, and have 
withstood repeated operation on this severe duty with- 
out change of contacts during the last five years. In the 
control room attached to the observation room a 
new control board of modern style (fig. 12) has been 
installed for operation of the machines. This occupies 
the same space as that for the original machines. 


ADDITIONAL HIGH-VOLTAGE TRANSFORMERS. 


As additional output was essential at the higher 
voltages more step-up transformers were needed in 
order to reduce the total high-voltage circuit reactance, 
and also to increase the testing voltage. It was decided 
to add a further six single-phase transformers (fig. 13) to 
the original three. These were made with the same 
ratios and insulation level so that they would operate 
satisfactorily in parallel with the original units. 
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. 11.—Three-phase bank of air-cooled reactors which provide a wide range of 


reactance values. 
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Fig. 12.—The control board and electro-magnetic oscillograph in the control room. 


The initial symmetrical outputs which 
can now be obtained at the higher volt- 
ages are shown in Table 1. 





TABLE 1. 
kV MVA 
3 Phase 33 1750 
38 1750 
O06 1750 
132 1750 
1 Phase 30 1150 
38 1100 
49 1150 
57 1100 
68 1150 
76 1100 
95 1100 
114 1100 
133 1100 
152 1100 











These outputs are within a few per 
cent. of the highest values claimed by 
any other testing station in the world 
in Operation at present. 


UNIT TESTING OF LARGE CIRCUIT 
BREAKERS 
For the higher voltage circuit breakers 
multiple breaks are generally used. Unit 
tests can therefore be made in accordance 
with A.S.T.A. Publication No. 15 “Rules 
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for the Unit Testing of Circuit Breaker 
for Making-capacity and Breaking-capa- 
city.” The equivalent recovery voltages 
which can be obtained for the higher 
ratings are shown in Table 2. 

From Table 2 it can be seen that the 
laboratory is now capable of adequately 
testing all the circuit-breaker ratings 
which are at present in production in 
this country, and it should also be 
sufficient for developing the higher new 
ratings which may be required in the 
near future. In most cases nearly 100 
per cent. equivalent recovery voltage 
can be obtained, using the value of the 
first phase to clear an unearthed three- 


phase fault 1-5 kV/ \/3 as the basis, but 


in practice on systems of 132 kV and above 
unearthed faults are extremely rareandthe 


value of kV/ \/3 is nearer to practical 


conditions, and except for the highest 
rating of 330 kV, 25,000 MVA, 100 per 
cent. of this value can be obtained for all 
the ratings shown. 

Greater output could be achieved by 
providing additional transformers. Space 
on the site 1s available for these, and 
three larger units are being designed. 
They will incorporate increased insulation 


Fig. |3.—Three of the nine single-phase, high-voltage, step-up transformers. 
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to earth so that, in addition to increased MVA output, 
higher test voltages will also be obtainable. 








TABLE 2. 

Per cent. recovery 

Number voltage for 100 per 

Rated Rated Rated of breaks/ cent. rating tests 
kV MVA kA phase 1-5kV kV 
\/3 4/3 
33 uptol500 26:3 l 100 100 
33 2500 43°8 2 100 100 
66 upto1500 13:1 ] 100 100 
66 upto 3500 30-6 2 100 100 
132 1500 6°57 l 100 100 
132 2500 10-9 l 80 100 
132 2500 10-9 2 100 100 
132 3500 15-3 2 100 100 
132 5000 21-9 2 85 100 
132 5000 21-9 3 100 100 
132 7500 32-7 4 100 100 
220 upto3500 9-2 2 100 100 
220 upto7500 19-7 4 100 100 
220 10,000 26:3 4 80 100 
275 upto7500 15-8 4 100 100 
275 10,000 21-2 4 80 100 
275 10,000 21-2 6 100 100 
275 15,000 31-6 6 75 100 
330 upto15,000 26-2 8 100 100 
25,000 43-5 8 50 75 














To accommodate large outdoor circuit breakers on 
test an outdoor test area was provided in front of the 
bank of high-voltage, step-up transformers (fig. 15). 


HIGH-VOLTAGE LINE-DROPPING TESTS. 


As high-voltage circuit breakers sometimes have to 
break current at a leading power factor when switching 
out unloaded transmission lines, it is desirable to be 
able to check their ability to do this without damage 
to themselves, or producing excessive over-voltages by 
restriking of the arc. The most satisfactory test is to 
use an actual transmission line. A 132 kV line runs 
immediately behind the laboratory, and by arrange- 
ments with the Central Electricity Authority a connec- 
tion has been made to this line. During weekends a 
portion of the adjacent 132 kV network can be isolated 
from the remainder of the system. This can be ener- 
gised from the laboratory generators and high-voltage 
transformers through a test circuit breaker, which 
can be operated to switch the line in or out and 
its performance recorded on the laboratory low- and 
high-frequency oscillographs. 


CONCLUSION. 


The increased capacity and facilities which are 
now available have already resulted in considerable 
advances being made in the performance of our larger 
circuit breakers, and will enable new designs to be 
developed suitable for the higher ratings and voltages 
which will be required in the future. 


“Gm 


Fig. 14.—General view of the high-voltage transformers and outdoor switchgear showing a | 32 kV, 3,500 MVA circuit 
breaker in the test area in front of the transformers. 





INTRODUCTION, 

HE lighting of streets 

near aerodromes pre- 

sents rather special prob- 
lems, and, for this reason, 
does not concern the local 
authority alone. Under 
the Air Navigation Acts, 
several authorities concerned 
with flying have powers 
to restrict any street light- 
ing which might be a danger 
to air navigation. Unul 
recently, it was common 
practice to use “ cut-off” 
lighting lanterns on roads 
running alongside or near 


Requirements for Street Lighting 
Near Aerodromes 


By H. M. FERGUSON, A.M.1.E.E. 
G.E.C. Research Laboratories. 


A pilot coming in to land is liable to 
confuse street lighting near an aerodrome with 
the pattern of lights on the aerodrome itself. 
The risk of such confusion can be obviated by 
suitably restricting the amount of upward light 
emitted by the street lanterns. Cut-off street 
lighting is very satisfactory from this point of 
view and has often been used: however, 
it is not always economic. This article des- 
cribes tests made by the Ministry of Transport 
to determine a suitable light distribution of the 
non-cut-off type which may be used where 
some upward light is permissible. The General 
Electric Company Ltd. co-operated in the 
tests and has now produced lanterns which 
comply with the resulting specification. 






disadvantage that the lan- 
terns must be rather closely 
spaced (90-100 ft.) if a 
uniformly bright road sur- 
face is to be achieved. Clearly 
this can be expensive and 
may sometimes lead to 
unsightly installations giving 
the impression of a ‘ forest of 
poles ’. 

There are some occasions, 
however, when cut-off light- 
ing may be justified on 
economic grounds alone ; for 
example, for the lighting of 
double carriageways where a 


aerodromes to avoid any possible confusion with 


lights on the airfield. 


A “cut-off” street lighting distribution has one 
distinguishing feature which makes it particularly 
suitable for this purpose, namely that there is negligible 


light above the horizontal. 


The maximum intensity 


occurs at about 70° to the downward vertical and the 
amount of light emitted at 80° or above is quite small 


(fig. 1(a) 


. Such a distribution produces almost glare- 


free installations with good visibility but it has the 


central line of lights between 


the two carriageways, spaced at about 90 ft., can give a 
very satisfactory installation. But the great majority of 
roads call for the more usual form of “ non-cut-off ”’ 
lighting where the lanterns are arranged in staggered 
formation and are spaced at 120-150 ft. 

Two types of “ non-cut-off”’ light distributions are 
now recognised. (1) “* High Angle Beam” in which 
the maximum intensity occurs at about 80° to the 


downward 


vertical with quite high intensities 


up to and above the horizontal (fig. 1(b)), and (2) 
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Fig. |.—Typical street lighting distributions (a) cut-off; (b) high angle 
beam ; (c) 


medium angle beam. 


““Medium Angle Beam” in which the 
maximum intensity occurs at about 75° 
to the downward vertical with rather 
restricted intensities above about 82° (fig. 
l(c) ). In both distributions the intensities 
in the region of 85° are considerable and 
it is this characteristic which enables 
non-cut-off lanterns to be used at the greater 
and more economic spacings associated 
with non-cut-off lighting. High-angle 
beam lanterns are particularly suitable 
when for reasons of cost or appearance, 
the longest spacings (150 ft.) are required, 
but they will cause some glare ; medium- 
angle beam lanterns achieve a _ reason- 
able compromise between the high-angle 
beam and cut-off types. 

Further, it is almost invariably the case 
that non-cut-off lanterns of both types emit 
some light above the horizontal with not 
inconsiderable intensities up to quite high 
angles. This upward light is not necessarily 
wasted in normal installations since it may 
light up buildings and trees, and so improve 
the appearance of the installation. But in 
the vicinity of aerodromes there is a risk, 
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particularly in conditions of poor visibility, that street 
lighting lanterns emitting a considerable amount of 
upward light may be mistaken for aerodrome lights 
by the pilot of an incoming aircraft. 

The extent of this risk cannot be assessed on a 
theoretical basis because of the many factors involved, 
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taken, therefore, not only to discover the type of light 
distribution required but also to assess some of the 
practical difficulties in achieving it. 

After some preliminary experiment the optical 
system shown in fig. 2 was decided upon. It consists 
of a pair of curved mirrors, one on each side of the 
lamp, arranged so that they may be rotated 
about a common centre to produce various 
angles of cut-off and various light distribu- 
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tions on the road. Both mirrors were fitted 
with scales so that they could be set accur- 
ately to any desired position, the adjustment 
being effected by thumb screws on the top 
of the lantern. 

Fig. 3 shows the light distribution from 
the lantern with the mirrors in their objective 
position, i.e. giving a light distribution 
which, from theoretical and practical con- 
siderations, was expected to be most 
suitable for lighting the road. The angle 
of the maximum intensity to the down- 
ward vertical (the peak angle) is 75° and 





AND LOWEST POSITIONS 


In this con- 


the scale setting “133”. 
Fig. 2.—Optical system of experimental lantern : 





—scale setting ‘‘0O”’ 


such as the wide range of visibility conditions, the 
sreat variety of light distributions used both in the 
aerodrome and on the road, and the complex changes 
in appearance of the patterns of lights seen by a pilot as 
he makes his approach. In 1951, therefore, the Min- 
istry of Transport, in conjunction with the Ministry 
of Civil Aviation, decided to make full-scale tests 
to determine how much upward light, if any, might 
be permitted from street lanterns near aerodromes. 
As a corollary it was intended to discover whether 
any form of lantern producing the more economical 
non-cut-off type of light distribution might 
be used. 

The G.E.C. was asked to design and 


mirrors in highest position 
, mirrors in lowest position—scale setting ** 16’. 


dition the lantern emits no light above the 
horizontal. 

By raising the mirrors (reducing the scale 
setting) the peak angle is lowered, as shown in fig. 4. 
In this way the light distribution on the road may 
be varied. Also by raising the mirrors the lamp is 
exposed at high angles so producing various light 
distributions above the horizontal (fig. 5). 

Thirty lanterns were made for the tests, and a 
taxiway on the north side of the aerodrome was chosen 
as representing a suitable ‘ road’. The lanterns were 
mounted at a standard height of 25 ft. on mobile 
towers, supplied by Boulton Tubular Structures, Ltd., 
which could be moved to any position to simulate 
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construct experimental lanterns capable 
of giving various light distributions 
above and below the _ horizontal and 
to co-operate in the tests which were 
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to be made at Stansted aerodrome near 
Bishops Stortford. 

It was decided to make the tests with 
sodium lamps for several reasons. ‘This | 
source, being large, 1s most likely to be Ry % 
troublesome when the object is to resirict : 
the amount of upward light from a lantern. \ 
It is also a source of relatively low bright- \ 
ness and for this reason it is more a 
difficult to obtain the necessary intensities 
from a lantern than with other brighter 
sources commonly used for street lighting. 
In addition sodium lights are used in the 
approach lanes to many aerodromes, and 
although the layout of the lights is very differ- 
ent from that in a street lighting installation 























oe 











it was desirable to ensure that no confusion 9° 10° 
could occur. The tests were to be under- 


Fig. 3.—Light distribution from experimental lantern—scale 
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Fig. 4.—Peak angle for various scale settings. 


various street lighting layouts. The appearance of 
the experimental installation in daylight is shown in 
fig. 6. 

The tests were made in two parts as follows : 

(1) Flight tests to compare the amount of upward 
light from the lanterns with that from the run- 
way landing lights on the aerodrome, and so 
to assess the possibility of confusing one with 
the other. The runway lights were set to give 
a maximum intensity of approximately 500 
candelas at 4° above the horizontal. 

(2) Road tests to determine a suitable light distribu- 
tion and spacing for the lanterns on the taxiway. 


FLIGHT TESTS. 

The first flight test was made with the lantern 
mirrors on scale setting “0”, with intensities of 
about 1,300 cd. at 2°, 950 cd. at 4° and 700 
cd. at 6° above the horizontal. The observ- 
ers flew over the runway lights and street 
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important in discriminating between the two 
types of lights. (1) The roadway was conspicuously 
bright whereas the runway was dark. (2) The street 
lanterns cut-off as the aircraft approached them but the 
runway lights did not. 

A third test was made with scale setting “ 6}”’, 
i.e. with intensities of approximately 200 cd. at 2° 
and 10 cd. at 4° above the horizontal. It was agreed 
by the observers that the intensity of the street lights 
was now so low compared with the runway lights that 
there was no possibility of confusion. Indeed, in poor 
visibility, which is normally the most dangerous con- 
dition, it is very unlikely that a pilot would see the 
street lights at all, even if he flew straight over them, 
since the intensities at the critical angles are not sufh- 
cient to penetrate even a light fog. 

The flight tests so far, then, had established that a 
distribution of intensity up to about 6° above 
the horizontal as given by scale setting “5” was 
satisfactory. The experimental lanterns were such that 
at this setting they emitted no light above 6°. 

It was considered, however, that small intensities 
up to considerable angles above the horizontal might 
be acceptable along with the rather higher intensities 
close to the horizontal, and in order to investigate this 
a second type of lantern was used. It consisted essen- 
tially of a standard non-cut-off sodium lantern fitted 
with a filter over the refractor plate and lamp to reduce 
the intensities to about one-third of the normal. 

A final flight test was made over an ‘installation’ 
consisting of one half of the experimental lanterns at 
setting ““5” and the other half of the modified non- 
cut-off lanterns. The light distributions from the two 
lanterns are shown together in fig. 7 curves (a) and (6). 
The test indicated that a small amount of light up to 
high angles was not serious and could probably be 
accepted. 





lights in turn, making approaches to them 
to simulate the path of an aircraft coming 
in to land. Under the conditions of this 





test the observers reported a clear possibility 
of mistaking the street lights for the 
runway lights. Although the layout pattern 
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is recognisably different in the two cases, 
one must make allowance for a pilot who 
has been flying for many hours, perhaps in 
bad weather, and on approaching the aero- 








drome is anxiously looking for two rows 
of lights which he will assume to be run- 
way lights. 
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The second flight test was made with 


mirror setting “5”, giving intensities 
of about 500 cd. at 2°, 75 cd. at 4 and 
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10 cd. at 6 above the horizontal. With 
this arrangement the observers agreed 
that there was little likelihood of con- 
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fusion although the intensities from the 
runway lights and street lights were compar- 
able. Two factors now appeared to be 
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Fig. 5.—Light distribution above the horizontal for various scale settings. 

















STREET LIGHTING NEAR AERODROMES 91 


ROAD TESTS. 


The appearance of the 
road was studied for different 
arrangements of the lanterns 
and their settings. By 
moving the lanterns on their 
towers, layouts varying from 
120-150 ft., staggered or 
Opposite mounted, were | 
easily and quickly achieved. j 
The settings of the mirrors | 
were also varied to produce 
peak angles ranging from 
67° to 76°. 

From these tests it was 
found that with mirror set- 
ting “133”, i.e. with 
a peak angle of 76°, 
good street lighting could 
be obtained with spacings up 
to about 135 ft. in staggered 
layout. The appearance of 
the installation in these con- 
ditions is shown in fig. 8. 


MINISTRY OF TRANSPORT SPECIFICATION. 

As a result of the foregoing tests, the Ministry of 
Transport, after discussion with other interested par- 
ties, issued a specification in the latter part of 1952 
covering all street lighting lanterns intended to be used 
in the vicinity of aerodromes or where the authorities 
consider that a restricted amount of lighting will not 
be a danger to aircraft. There may, however, be situa- 
tions where no light is permissible above the horizontal. 
The decision as to the type of lighting which may be 
used rests with the responsible Department. 

The specification requires that the 
intensity in any vertical plane through 
the centre of the lantern shall not 
exceed the following values at the 
specified angles above the horizontal. 


Angle above horizontal (degrees) 


0 2 4 6 10 20 30 40 50 60 
750 300 95 75 60 40 30 20 10 Q 


Maximum permissible intensity (candelas) 


These values are shown plotted in 
fig. 7 curve (c). The light distribution 
below the horizontal for Group A 
(i.e. traffic route) lanterns is also 
required to be of the medium angle 
beam type with a maximum intensity 
of not less than 2,000 cd. at an 
angle of 75° to the downward vertical. 
The tolerance on this angle is to be 
plus or minus 2° when the lantern 
has been erected and adjusted, and an 
indicator accurate to plus or minus }° 
is required to show the angular setting. a jane 


ANGLE ABOVE HORIZONTAL IN DEGREES 


2 

















Fig. 6.—Stansted Aerodrome. Experimental installation by day. 


*‘AEROSCREENED’ LANTERNS. 

The Company has produced two lanterns to comply 
with the specification and the term ‘ aeroscreened ’ 
has been applied to them. 

The enclosed lantern for sodium lamps (fig. 9) 
has an optical system consisting of two “ Perspex ” 
refractor plates, one on each side of the lamp, designed 
to produce the required light distribution below the 
horizontal with a maximum intensity of 2,100 cd. 
at 75° to the downward vertical. A circular canopy 
31 inches in diameter restricts the light above the 
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Fig. 7.—Light distribution above the horizontal : (a) Experimental lantern at setting 
(b) Modified non-cut-off lantern ; 


(c) Ministry of Transport Specification. 








92 G.E.C. JOURNAL 


APRIL, 1955 





Fig. 8.—Stansted Aerodrome. Experimental installation by night. 


horizontal so that the intensities in all directions in 
azimuth do not exceed the values specified for the 
various angles above the horizontal. The lantern 1s 
fitted with a device which enables it to be levelled 
accurately in the street and locked in position. 

Fig. 10 shows the aeroscreened lantern for horizontal 
burning mercury vapour lamps. Here the optical 
system consists of two fluted reflectors inside the can- 
opy, one on each side of the lamp. Each reflector is 
curved in a horizontal and vertical sense in order to 
obtain the necessary intensity from a relatively small 
aperture with, at the same time, sufficient stability 
to absorb manufacturing tolerances. The enclosing 
glass bowl, which is figured underneath for appear- 
ance, is fixed to the canopy by a hinged retaining ring 





Fig. 9.—Aeroscreened lantern for 140 watt sodium lamp. 


and is so designed that no part of it can be seen 
above the angle of complete cut-off, namely 60° 
above the horizontal. The maximum intensity from 
the lantern equipped with a 250-watt Osram H.P.M.V. 
lamp is 2,200 candelas at 75° to the downward vertical. 

Both these lanterns give a medium angle beam 
distribution with sufficient intensity in the region of 
85° to enable them to be used with good results at 
spacings up to about 135 ft. They, therefore, repre- 
sent a practical compromise for use in street lighting 
installations in the vicinity of aerodromes. Although 
presenting no confusing pattern of light to the pilots 
of incoming aircraft, they nevertheless provide a good, 
glarefree and economic street lighting installation 
for the road user. 





Fig. 10.—Azroscreened lantern for 250 or 400 watt HPMV lamp. 
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D.C. Controlled 100 MVA Reactor 


by F. J. FISHER and E. FRIEDLANDER, DR.ING., M.L.E.E. 
Witton Engineering Works. 


1. INTRODUCTION. 


T is well known that Works 
| tests on machines above 
a certain Output can never 
be done with the actual 
output load for which the 
machines are rated because 
the required input power 
is not available and the 
output could not be con- 
sumed in the Works. With 
a few exceptions one has, 
therefore, in the past con- 
fined the necessary Works 
check on the performance of a 
newly built machine to short circuit and open circuit 
tests, backed up by occasional reactive power tests or 
back-to-back tests when machines of appropriate 
size and performance happened to be available for 
comparison. Tests of this kind provided the necessary 
information for judgment of the likely performance 
under actual working conditions. 

However, the rapid development of large machines 
together with the changes now taking place in the 
fundamental arrangements of cooling circuits will 
reduce the value of such earlier experience. The ulti- 
mate maximum temperatures reached in certain parts of 
the machine are the result of a complicated flow of heat, 
in which losses in the stator contribute to the tempera- 
ture distribution in the rotor and vice-versa, and in 
which iron losses contribute to the temperature of the 
copper and the current loading to the temperature of 
the iron. In addition, there are a number of problems 
particularly referring to stray losses, their sources and 
distribution, characteristic machine constants and so 
forth, which are difficult to determine with the desirable 
accuracy if only the short circuit and open circuit tests 
are feasible. 

The stray losses, for instance, depend not only on 
the stator current but also on the stator flux (tooth 
saturation) and are influenced more by the effect of 
low flux under short circuit conditions than by the 
flux displacement occurring when a zero power factor 
test is taken at full kVA load relative to the normal 
loading condition. The corrections for zero power 
factor against operating conditions are easily studied 
and contribute to an improved insight into the para- 
meters influencing the distribution of losses. Thus 
much useful information can be derived, particularly 
for new types of machines, if facilities are available 
for convenient reactive loading. 


type of equipment. 


The rapid growth in the size of electrical 
generating plant has made it necessary for 
manufacturers to provide improved Works 
testing facilities. The D.C. controlled satur- 
able reactor (transductor) has been found to 
provide a most satisfactory solution. In this 
article the authors describe how the problems 
arising from the necessary application of 
extreme iron saturation have been solved. 

The successful performance of a 100 MVA 
reactor, which is believed to be the largest of 
its kind, justifies the expectation that it will 
open up wider fields of application for this ment 


It was, therefore, to be 
expected that the expense of 
providing improved testing 
facilities would soon be justi- 
fied by their giving a more 
reliable picture of the ultimate 
Output limits to be expected 
from a given machine and 
thus preparing the next step 
towards the most economical 
design. 

A reactive loading equip- 
suitable for these 

purposes should satisfy the 
following conditions: 

(a) Clearly defined relationship between voltage, 
current and losses of the testing device. 

(6) Easy, and preferably stepless, control of the 
reactive power over the entire range of voltages 
at which tests are to be carried out on different 
machines. ‘This is particularly vital for taking 
complete zero power factor characteristics 
for the determination of machine constants. 

(c) Freedom from wave distortion due to the react- 
ive load. 


2. DEVELOPMENT OF THE TYPE OF CONTROLLABLE 
REACTOR CHOSEN. 

The foregoing requirements led to the development 
of a D.C. controllable reactor having a rated output of 
100 MVAr for voltages ranging between 6-6 and 22 
kV. There is actually some further margin for higher 
voltages and overload capacity beyond these limits. 
It is believed that the reactor described in this paper 
is the largest of its kind so far built. Apart from satis- 
fying the above requirements it was possible to build 
the reactor in such a way that a certain wave distortion 
can be produced at will for a study of the behaviour 
of machines under conditions of non-sinusoidal current 
loading. 


(a) History. 

Basically the principle of using a D.C. saturated 
transformer for machine testing is not new. The 
earliest application of it for testing a small single 
phase alternator appears to have been recorded by 
J. D. Coales in his thesis (SIB8C7 of Birmingham 
University) as early as 1908. With respect to the much 
more stringent requirements to be satisfied in the 
present case, it was fortunate that advantage could 
be taken of a very early development of a model of a 
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controllable reactor which fundamentally satisfied 
these requirements. Obviously the D.C. saturated 
reactor is well suited to give easy reactive power 
control, but as this control is effected through varying 
saturation of magnetic material in the reactor, the 
requirement of undistorted current consumption with 
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Fig. |.—Early 3 kVAr D.C. controlled 3-phase reactor incorporating 
harmonic compensation. 


sinusoidal voltage had to be given particular attention 
on account of the extremely high iron saturation 
necessary for a reactor of the size described, to be 
economical. This problem was solved more 
than twenty years ago and a test model which was 
demonstrated by one of the authors to a meeting of 
electrical engineers in October 1932* and repeated in 
a modified, and more elaborate form at the Witton 
Laboratories in 1946, gave every support. to the con- 
viction that the required degree of elimination of 
saturation harmonics was well within the scope of a 
feasible design. Fig. 1 shows the early model reactor 
of about 3 kKVAr. Fig. 2 illustrates one of the possible 
schemes of connections, and fig. 3 an oscillogram of 
differing reactive load currents (J) with a given voltage 
(U) for different values of D.C. excitation which was 
experimentally demonstrated at the ume. 

The basic idea of this early design, namely to dis- 
place the phase fluxes in two equally saturated core 
groups by 30° with respect to each other, which appears 
also in the present reactor, has much in common with 
the compensation of harmonics taking place in poly- 
phase rectifier equipment. There are many feasible 
winding arrangements which differ mainly in the 
method of producing the phase shift and by the choice 
between the various groups of harmonics permitted 
to appear internally, either in currents or fluxes, and 
being compensated correspondingly either by addition 
of oppositely distorted voltages in series connection, 


* Reference to this meeting may be found in E.7.Z. 1932, pp. 1020 
and 1093. The paper, however, never appeared in print on account of 
subsequent events in Germany. Later the work on compensation of har- 
monics ied to the much publicised development of transformers with 
sinusoidal magnetising current in which the same principles were used. 
Publications and scientific investigations on the 3-phase saturable reactor 


have since eppeared in increasing numbers in various countries. 
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or by the addition of oppositely distorted currents in 
parallel connection of the relevant windings. 


(6) WINDING SCHEMES. 


The various winding schemes may be derived from 
the survey in Table 1 which shows the gradual transi- 
tion from the one limiting case in which the fluxes 
are sinusoidal and the ampere turn pressure is most 
distorted, to the opposite limiting case when the ampere 
turn pressure becomes practically sinusoidal and the 
flux wave most distorted. All schemes involve com- 
plete compensation of harmonics up to and including 
the 9th, but the llth and 13th current harmonics 
become gradually worse and their total r.m.s. value 
may theoretically reach about 12 per cent. (stepped 
wave) in the last scheme. The Table shows the har- 
monics appearing in the fluxes, those appearing in 
the magnetic pressures are always the ones omitted 





Fig. 2.—An experimental winding scheme used on the reactor shown 
in fig |. 


from the fluxes, and vice versa. The main windings 
carry the corresponding harmonic currents with the 
exception of the triple harmonics which must appear 
in any mesh connected windings which are present. 
Alternatively, the triple harmonic magnetic pressures 
may appear between yokes of core groups lacking a 
ferromagnetic path for the corresponding fluxes. 
Sinusoidal fluxes are therefore obtained with parallel 
connection of all core groups by having a short cir- 
cuited mesh winding on all groups, preferably even if 
there is no triple harmonic flux path between yokes. 


Fl 





Fig. 3.—Voltage (U) and current (J) obtained under the conditions 
of fig 2. 
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TABLE 1. 
A.C. Windings A.C. Windings 
Scheme Order of Harmonics Mesh with with respect to 30° 
Oo. in Fluxes Winding respect to D.C. phase shift 
l Sinusoidal ai neil Present Parallel Parallel 
2 Triple harmonics oa Absent 99 - 
3 Even harmonics da Present Series a 
4 Even and triple ... | Absent - - 
5 Fifth and seventh aad Present Parallel! Series 
6 Triple, fifth and seventh Absent - - 
7 Even, fifth and seventh Present Series oat 
8 All harmonics ... ay Absent - - 








This is consistent with normal 3-phase transformer 
practice. The chosen design promised to give a min- 
imum of current distortion, eddy current losses and 
D.C. losses. At the same time it afforded maximum 
freedom for variations in winding connections to 
cover a wide range of voltages and currents with good 
output. 


3. CONSTRUCTION. 

A3-phase reactor of the typedescribed requires twelve 
wound cores, and the arrangement chosen consists of 
two identical units each having a 6-limb core. Each 
of the units therefore has a rating half that of the total 
reactor. A 6-limb core is relatively easy to construct 
and the subdivision of the reactor into two units, 
which is necessary for the desirable degree of 
compensation of harmonics, reduces the weight and 
size of components which must be handled, thus 
simplifying manufacture. 








poe! ie 


Fig. 4.—Core of one unit of the 100 MVA test reactor. 





(a) MAGNETIC CIRCUIT. 


The general arrangement of each 6-limb core is 
shown in fig. 4. In large reactors of the saturated 
type it is necessary to employ extremely high 
flux densities in order to reduce the weight of iron to 
an economical figure, and this was the dominant 
factor in the core design. Because of the very high 
magnetic pressures involved, it was desirable to limit 
the amount of magnetic flux in air passing between the 
outside of the core and the A.C. coils, and rectangular 
section limbs were therefore used. This section has 
the additional advantage of permitting simple clamp- 
ing with the minimum number of through bolts. 
At the same time the absence of any risk of short 
circuit stresses made it permissible to forgo the 
advantages of circular coils with their inherent mech- 
anical strength. 

To restrict leakage flux and to make the most 
effective use of the core material, the saturated 
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Fig. 6.—Part of winding 
diagram in accordance with 
fig. 5, showing one section in 
interstar-mesh connection. 


Fig. 5.—Winding diagram of test reactor connected in parallel interstar- star connection. 


volume of iron was confined entirely to the core limbs, 
this being achieved by using substantially oversize 
yokes. Apart from reducing leakage flux, this arrange- 
ment ensured that the 3 phases were magnetically 
symmetrical although the individual lengths of flux 
paths through the cores differ. Since the yokes must 
carry a varying amount of D.C. flux the sectional area 
of the yoke must be suitably proportioned. A practical 
compromise with the theoretical requirement was 
achieved by stepping the yoke to give different effective 
yoke depths. Each core limb is divided into two parts 
by a cooling duct which also serves as the passage-way 
for the through bolts. This will be seen from fig. 4. 





Fig. 7.—Wound core of one unit of the 100 MVA test reactor with lifting beam attached. 


(6b) ELECTRIC CIRCUIT. 

The diagram of the normally chosen parallel zig-zag- 
star connection (Scheme 1 of Table 1) is given in 
fig. 5. This connection is used for 6-6 kV, 11 kV 
and 15 kV ratings up to a maximum reactor output of 
100 MVAr. Other connections are available for special 
test purposes in accordance with Table 1. 

The turn ratio of the windings “a” and “ b ” is so 
chosen that the magnetic flux in each unit is displaced 
15° with respect to that which would be obtained with a 
simple star connection. Each of the two units has the 
same internal connections, but the line connections to 
the 3-phase A.C. supply system are reversed for one 
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Fig. 8.—Test reactor installation. 


unit to obtain the desired 30° displacement between the monic currents. The rating of the tertiary winding is 
magnetic fluxes of the two units. determined by the maximum triple harmonic content 

A particular advantage of the 15° zig-zag winding under the worst conditions of saturation. Provision is 
chosen is that it leaves open the choice between external also made for connecting the two tertiary windings of 
star or mesh connection without restricting the com- each unit in series, so that the effect of this connection 


pensation of harmonics. Fig. 
6 demonstrates one coil 
group in zig-zag mesh con- 
nection. With the additional 
freedom to connect the 
windings of both core 
groups on each reactor in 
series or in parallel, a 
voltage range of (2 x 1/ 3):1 
is covered with the same 
maximum flux density by 
merely changing the ter- 
minal connections. 

With the arrangement 
shown the even harmonic 
currents which occur upon 
the application of D.C. 
saturation will circulate in- 
ternally within the A.C. 
windings of each unit and 
the 5th and 7th harmonic 
currents flow only between 
the two units, and not into 
the A.C. supply lines. — Wi ” 

Each unit is provided with 2 = Se ee EP 2 
two delta connected ter- 
tiary windings, “c”’ to per- 
mit circulation of triple har- 


Fig. 9.—Close-up view of one unit 
in the installation. 
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upon the transient response of the reactor can be 
examined. 

Each unit has two D.C. coils, “‘ d ”’, which are series 
connected and each D.C. coil embraces three A.C. 
limbs of the core. The advantage of this arrangement 
is that it considerably reduces the voltage stresses 
in the D.C. coils, since the induced A.C. voltage due 
to the fundamental frequency flux component is zero. 
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from the A.C. windings by a distance which was 
determined by the maximum magnetic pressures 
involved. Apart from satisfying the foregoing require- 
ments it was found possible to use simple clamps since 
no high short circuit stresses are involved. 

Each reactor unit is mounted in an oil-filled tank 
complete with conservator and Buchholz relay and the 
usual fittings appropriate to a large outdoor trans- 
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Fig. 10.—Variation of A.C. losses with MVAr output. 


Fig. 7 shows one reactor unit complete with coils and 
fitted with a lifting beam. 

It may be of assistance to the reader in under- 
standing the mechanism of harmonic compensation if 
the analysis of the wave shapes of currents in the in- 
dividual windings in the circuit of fig. 5 is demon- 
strated. This analysis will be found in Appendix I. 


(c) MECHANICAL ARRANGEMENT. 

In the mechanical design of the reactor the main 
consideration was to achieve a satisfactory arrange- 
ment which would not give rise to undue heating of 
the clamping structure due to leakage flux. 

As already stated, the effective volume of iron in the 
reactor operates at extreme saturation values, and at 
such high values of D.C. magnetisation the reactor 
behaves sensibly as if there were no magnetic core. 
The number of bolts passing through the saturated 
iron is a minimum, the bolts themselves being of 
non-ferrous material. The iron clamps on the limbs 
are designed to have a minimum mass of metal and 
consist of hollow rectangles, with suitable strengthen- 
ing ribs, cast in non-magnetic steel. The main yoke 
clamps are spaced from the yoke by impregnated 
specially treated hardwood blocks and are set back 


former, including oil and winding temperature indi- 
cators. Figs. 8 and 9 show the finished reactors in- 
stalled in the outdoor compound of the test plant. 
The total weight of each reactor with oil, but exclud- 
ing coolers, is 133 tons. 


(d) COOLING ARRANGEMENTS. 

Each unit is provided with a separate oil cooler of the 
forced oil, air blast type, arranged to dissipate the full 
losses of the associated reactor. The coolers are 
mounted adjacent to the reactors, as shown in fig. 8. 


(e) CONTROL. 


The D.C. supply for reactor magnetisation is ob- 
tained from a 500 kW rectifier equipment supplied 
through a step-down transformer, of the hermetically 
sealed, Class B insulated, air-cooled type suitable for 
outdoor installation. Smooth variation of the D.C. 
current is obtained by means of grid control. The kind 
of operation required for the present purpose made it 
undesirable to provide for high speed static phase 
shifting equipment. The grid control is therefore 
effected by means of a normal phase shifting trans- 
former the secondary winding of which is accommo- 
dated in the rotor and operated by a small control 
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motor. This winding feeds the grids of the rectifier 
through a square wave transformer of the type fitted 
to all large grid controlled G.E.C. mercury arc rectifiers. 


4. PERFORMANCE. 
(a) LOSSES. 


It is essential that the losses of a loading reactor 
which must be fed from the alternator to be tested, and 
correspondingly from its test bed driving motor, should 
be low. The D.C. controlled reactor is, from this 


A.C. flux density because, with sinusoidal flux, 
the eddy current losses are independent of D.C. 
saturation and the hysteresis losses decrease appre- 
ciably due to the hysteresis loop collapsing when high 
saturation is reached. This also explains the large 
drop in the losses with increasing D.C. excitation in the 
low power range to be observed in fig. 10. 

The losses in the D.C. windings are normally less 
than } of one per cent. of the rated kVAr output and 
may be calculated from the winding resistance of 
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Fig. 11.—Variation of A.C. losses with voltage. 


point of view, very favourable. The losses to be 
supplied by the test motor, that is the A.C. losses, 
are nearly a constant proportion below | per cent. of 
the absolute kVAr output, as is shown in fig. 10. Itis 
obvious that, apart from the low voltage low power 
range, the losses do not vary very much whether the 
same output is produced with low voltage and high 
D.C. excitation or vice versa. 

Fig. 11 demonstrates the A.C. losses after subtrac- 
tion of /*R losses by the usual definition. The result is 
plotted as a function of the applied voltage for varying 
currents. In an ordinary transformer these losses 
would, of course, represent only iron losses and stray 
losses and would, correspondingly, 
vary little with the current. In 
the reactor with parallel connected 
windings the dominating contribu- 
tion, as shown, is obviously the 
losses due to the circulating har- 
monics. The iron losses, which 
cannot be separated out without 
careful analysis of the individual 
currents and of the eddy current 
factors increasing the effective A.C. 
resistance of the windings, are of rela- 
tively little importance. They are 
lower than normal for the same 


1-05 ohm at 90 deg. C. for any condition for which the 
A.C. losses are given in figs. 10 and 11. 


(6) HARMONICS. 


Fig. 12 shows an example of the precision with which 
the compensation of harmonics was accomplished for 
the case of the nominal load of 100 MVAr. The voltage 
was distorted by roughly the same low percentage 
not exceeding 14 per cent. for the 11th and 13th har- 
monics, other harmonics being practically absent. It is 
obvious that an llth harmonic in the current of | 
per cent. will produce a voltage distortion at the 
terminals of an alternator of the same order of magni- 





Fig. |2.—Wave shape of full load line current (complete reactor). 
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tude, since an alternator reactance of the order of 
9 per cent. will correspond to an impedance of 100 
per cent. with reference to the 11th harmonic. The 
effect of harmonics of this order on the performance 
of the machine will be negligible. Naturally the in- 
creased A.C. resistance of the alternator windings for 





Fig. |3.—Wave shape of unit current on full load. 


the higher harmonics must be taken into account, but 
in view of the quadratic relationship between copper 
losses and currents the error produced by a wave of 
the type shown in fig. 12 is easily seen to be less than 
‘oon Of the normal copper losses, i.e. well within the 
limits of metering accuracy. The equipment is, how- 
ever, so designed that by a simple reconnection at the 
reactor terminals a deliberate wave distortion can be 
produced without reduction of output. Fig 13 shows 
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Fig. 14.—Voltage/Current characteristics in star connection. 
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an example of reactive load current taken without 
compensation of harmonics as for the study of machine 
behaviour under the corresponding conditions. 


(c) CHARACTERISTICS. 


The fundamental relationship between A.C. volt- 
age, A.C. current and D.C. excitation 
of controllable reactors or transductors, 
is by now so well known due to the 
important part they play in the develop- 
ment of magnetic amplifiers that it is not 
necessary to go into it in great detail here. 
It may suffice to say that with constant 
A.C. voltage the A.C. current rises 
almost precisely in proportion to the 
D.C. excitation. For large reactors the 
minimum A.C. current at zero D.C. 
excitation is particularly low relative 
to the full load current if the A.C. satura- 
tion is chosen in accordance with normal 
transformer practice. This corresponds 
to the very low proportion of magnetising 
current of large transformers. Hence 
at 12 kV the 100 MVA reactor in 
external star connection has a minimum current at 
zero D.C. excitation of not more than 0-36 per 
cent. of its rated current, thus giving a current 
control range of about 300:1 without taking the 
available overload capacity into account. The relation 
between the A.C. current and the A.C. voltage 
at constant D.C. excitation for this case is shown in 
fig. 14. These characteristics could not be taken up 
to A.C. saturation in star connection on account of the 
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voltage limitation imposed by the machine under test. 
Another set of curves taken in external mesh connec- 
tion, however, completes the picture. These curves are 
shown in fig. 15. They should be identical with those 
of fig. 14 except for the change of scale. The influence 
of the reduced resistance in the path of the triple 
harmonics will not be noticeable within the limits of 
metering accuracy. The loss characteristics given in 
figs. 10 and 11 were taken with this connection. 
The reduced D.C. current and phase currents required 
to give a certain A.C. output were found to provide 
an appreciable margin for overload when using this 
winding connection. The reactor has actually taken 
more than 100 MVAr on a heat run of one of the alter- 
nators under test without exceeding its safe running 
temperature. The dotted theoretical rise of the A.C. 
current with maximum D.C. excitation shows the 
limiting impedance of the reactor when absolute 
iron saturation is reached (u = | referred to differential 
magnetisation ). 


(d) NOISE. 


The question arises as to whether the very high 
saturation which occurs in reactors of this size will 
cause noise to reach a disturbing level. No precise 
measurements have been taken so far, but the obser- 
vations available indi¢ate that D.C. saturation by 
itself does not contribute to greater noise even if the 
instantaneous saturation values reached thereby in- 
crease very appreciably. In other words, when the 
reactor was operated under the conditions leading to 
the characteristics in the range shown by fig. 14, the 
noise level was comparable with that of a transformer 
of corresponding size. If, however, A.C. saturation 
is increased to such an extent that an appreciable 
kVAr output is obtainable even without D.C. the 
humming noise ceases to be negligible although it is 
not comparable with the noise of a machine running 
in the close vicinity. It will, therefore, be necessary to 
pay attention to acoustic shielding only in those cases 
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where advantage is to be taken of the A.C. saturation 
characteristics. 


(e) SPEED OF RESPONSE. 


The actual speed of response of reactors of this 
size has not yet been measured on account of experi- 
mental difficulties. It will be obvious that, for direct 
demonstration of transients, an A.C. voltage supply 
would be required which keeps rigidly constant in 
spite of a varying and heavy reactive load. This was, 
of course, not available for the reactive power of the 
magnitude involved. The method of control explained 
in Section 3 will, in addition, not take advantage of the 
available speed of response of the reactor. In view 
of the other fields of application to be discussed in the 
next Section it may, however, be of interest to give 
here the figure which has been derived theoretically 
from the change of magnetic energy to be controlled 
by the D.C. input. From this calculation it was found 
that the time constant with which the flux may be 
expected to obey any varying D.C. excitation with 
constant A.C. voltage will be of the order of less than 
0-7 second and could be further reduced by increased 
D.C. power consumption. This will show that if 
advantage can be taken of a controllable reactor for 
purposes of reactive power control in networks, it is 
bound to be superior to the speed of response which can 
be achieved, say, with synchronous condensers. The 
physical reason for this advantage is the relatively 
small magnetic energy content which must be varied 
by the D.C. excitation due to the inherent function of 
a D.C. saturable reactor. By comparison, the changes 
in magnetic energy necessary for changing the reactive 
power of a synchronous condenser are linked with 
the basic magnetic energy stored in the air gap of any 
synchronous machine. This is much greater than 
the variation of the stored energy actually required for 
a change of reactive output and leads to a more 
sluggish response for the same ratio of excitation power 
to MVAr output. 
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Fig. 15.—Voltage/Current characteristics in mesh connection. 
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5. OTHER FIELDS OF APPLICATION. 

The type of controllable reactor described should be 
suitable for a number of different applications of which 
a few examples may be mentioned. It is well known 
that during periods of low power many networks 
suffer from excessive capacitive load which may inter- 
fere with the excitation stability of generators, with 
the voltage level at which the network can be held 
and with the number of machines which must be 
kept in operation for reasons of excitation stability. 
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33 per cent. overvoltage. Provided there is an excess 
of capacitive power available, the stabilisation of long 
distance A.C. power transmission may therefore, in 
principle, be accomplished by automatic voltage con- 
trol using controllable reactors. This may be par- 
ticularly advantageous for lines of great length and 
initially limited power such as may occur in countries 
where the development of electrical power distribution 
is in progress. 

Further applications may be for the control of cur- 
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Fig. |6.—Derivation of magnetic pressure wave from the B/H characteristic with sinusoidal flux. 


The capacitive load due to a large cable system or to 
long transmission lines which cannot be taken out of 
service at times of limited load, may cause avoidable 
losses in insufficiently loaded machines. Interesting 
applications may arise, generally, where a large con- 
centration of capacitive power can become dangerous 
under certain conditions of network disturbances. 
Here the inherent protection due to the presence of 
highly saturated iron is particularly valuable. 

The usefulness of reactors of this type may also 
become more obvious with increasing use of large 
power factor correcting capacitors. The D.C. con- 
trolled reactor will be suitable to fill a gap in the step- 
less and static control of large capacitor banks, and 
will alleviate switching problems by suitable inter- 
linkage between reactor control and step switching. 
The combination of a static capacitor with a D.C. 
controlled reactor has the essential features of a 
synchronous condenser combined with all the advan- 
tages of static equipment, such as lower overall losses, 
easy outdoor installation and a minimum of mainten- 
ance. 

In theory, A.C. power transmission is stable over 
an unlimited distance if stabilising voltage control 
satisfies a very simple condition: At no point on the 
line must the rate of change of voltage with varying 
reactive power due to varying load be so great that the 
linear extrapolation to no load would give more than 


rent distribution in complex interlinked networks as a 
self-adjusting alternative to the use of quadrature 
booster transformers. The D.C. controlled reactor 
can, in such cases, serve for automatically limiting the 
current in any desirable manner. It may also contri- 
bute to the problem of controlling the exchange of 
power between large networks through relatively 
weak links by reducing the otherwise excessively 
stringent conditions for the speed and precision of 
load frequency control on either side of the link. 

A great number of problems for which controllable 
reactors have been used extensively in the past for low 
and limited power may now also include those in the 
range of hundreds of megawatts. Such problems in- 
clude power control in large heater installations, and 
rectifier installations for electroiytic plants of extreme 
size where the controllable reactor can help to solve 
switching problems in conjunction with on-load tap- 
changing of transformers and the like. 


6. CONCLUSION. 

The D.C. controlled test reactor at the Witton 
Works has not only contributed to a useful improve- 
ment of the testing facilities for the largest alternators 
coming on test at present, but also appears to be 
valuable as a prototype of a giant transductor which 1s 
expected to have a wide field of other applications in 
the future. 
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The experience gained with this prototype may well 
establish the practical importance of this inherently 
reliable type of equipment, which can be built for 
virtually any voltage, current and reactive power for 
which it 1s likely to be required. 


APPENDIX L. 


Graphical Analysis of Currents Assuming Sinusoidal Fluxes 
and an Oversimplified Iron Characteristic. 

The fundamental difference in the treatment of the 
magnetic characteristics to be assumed for magnetic 
amplifiers of small size and the large reactors to be 
considered here, is that it is no longer possible to 
neglect the variation of flux in the saturated state of the 
reactor. The small cores, especially of the nickel-iron 
type, reach the state of saturation with a relatively 
low ampere turn pressure, and in this case the flux 
can be considered to be constant in the saturated state. 
The order of magnitude of magnetic pressures neces- 
sary in large reactors, however, is so great that the part 
of the total flux which still varies proportionally with 
the magnetic pressure above the state of absolute 
saturation in the iron (permeability » = 1) becomes 
an appreciable proportion. The ampere-turn pressure 
required in the non-saturated part of the characteristic 
is, on the other hand, now negligible compared to the 
peak value. This leads to the approximate representa- 
tion of the magnetic characteristic shown in fig. 16(a). 
Fig. 16(b) explains how, for a certain displacement, 
Bo, of the flux wave due to D.C. saturation, the 
corresponding ampere turn pressure must vary within 
one cycle of the A.C. flux wave. The determining 
feature of the resulting wave shapes will be the pro- 
portion between the top of the flux wave reaching the 
saturated part of the characteristic and the amplitude 
of the applied flux wave. It would at first appear that 
this proportion can reach the value zero for fluxes 
which just exceed the saturation limit and would 
then lead to very peaky waves for the magnetic pres- 
sure. This is not the case because with this limiting 
condition it would no longer be correct to use the same 
approximation for the real magnetic characteristic. 
It may be stated, as a rule,'that the top of the wave will 
in no case be less than 20 per cent. of the amplitude; and 
for the largest saturation values to be assumed in the 
present case it is safe to state that even 30 per cent. 
will be an unduly severe assumption for the determina- 
tion of circulating harmonics. 

The analysis of the individual currents in the system 
can be found from a few simple rules by means of 
which certain groups of harmonics can be eliminated. 
These rules actually follow the same rules by which the 
types of windings are chosen. For instance, the even 
harmonics are eliminated in practice by adding the 
effects of two equally premagnetised cores in which the 
A.C. windings are reversed relative to the D.C. exci- 
tation. This yields two waves of equal shape with a 
phase displacement of 180°. These waves are added 
with the same sign relative to the D.C. supply, but 
with opposite sign relative to the A.C. The funda- 
mentals and odd harmonics in both will cancel each 


other, and the sum of D.C. and even harmonics will 
appear on the D.C. side but the fundamental and all 
odd harmonics will appear across the A.C. windings 
where the D.C. and even harmonics are cancelled. 
The sum of D.C. plus even harmonics can, therefore, 
be found by adding two equal waves of the type deter- 
mined in fig. 16(b) with equal sign but 180° phase 
displacement, the amplitude of which is each one half 
of the total amplitude of magnetic pressures (fig. 17(a)). 
Similarly the fundamental A.C. current and its odd 
harmonics is found from the addition of two equal and 
180° phase displaced waves, one of which is, however, 
reversed in sign, as shown in fig. 17(b). It will be seen 
that the addition of the waves shown in fig. 17(a) and 
fig. 17(b) leads back correctly to the wave found from 
fig. 16. 

The waves shown in figs. 17(a) and (b) are those 
required to maintain a sinusoidal flux with a given 
premagnetisation, Ho, on any core, whether it is single- 
phase or three-phase. In the three-phase supply, 
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Fig. |17.—Derivation of magnetic pressure waves with reference to : 
(a) the D.C. winding axis. 
(b) the A.C. winding axis. 
(c) the delta-winding. 
(d) a symmetrical A.C. winding. 





however, the third harmonics contained in the wave 
of fig. 17(b) cannot be supplied by the network and 
unless they are produced in a tertiary winding the 
flux will not remain sinusoidal (transition to case 
2in Table 1). The current which must correspondingly 
flow in the short circuited mesh winding can be found 
by deriving the content of triple harmonics from 17(b). 
A simple way is to follow the scheme of the mesh 
winding, i.e. to add three equal waves of one-third of 
the amplitude and equal shape as the original wave 
but with 120° phase displacement. This leads to the 
cancellation of all odd harmonics excepting the triple 
harmonics which then remain, as shown in fig. 17(c). 
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Fig. |18.—Derivation of the magnetic pressure wave with reference 
to the A.C. terminals of one interstar connected unit. 


The current to be expected in the main A.C. 
windings, (a) and (b) in fig. 5, can now be found by 
deducting the constant component Ho (fig. 17(a) ) 
from the original wave (fig. 16(b) ) and the triple 
harmonics (fig. 17(c) ). The resulting current wave is 
shown in fig. 17(d). 

The current to be supplied from the network, i.e. 
the one excluding the even harmonics and the D.C. 
current, is now to be found by deducting the triple 
harmonic current from the A.C. wave in fig. 17(b). 
This deduction will be different in phase depending 
on the kind of A.C. winding that has been chosen. 
For instance, a direct deduction of the curve fig. 
17(c) from fig. 17(b) without any phase displacement 
would correspond to the straightforward _ star 
connected A.C. winding. The 15° phase shifting wind- 
ing which must be applied for cancellation of the 
5th and 7th harmonics, produces a different appearance 
of the wave, though the amount of harmonics does not 
change with their changing phase relationship to the 
fundamental wave. The wave shape of the current 


supplied to one group of reactors can be found by 
adding three waves of the shape shown in fig. 17(b) 
with a relative phase displacement of 60° and an 
amplitude ratio of 0-299, 1-116, 0°817, as shown in 
fig. 18. 


These figures are derived from the turn 
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ratios of the 15° phase shifting winding which is 
0-299 to 0-817. It will be seen that the two outer waves 
contain triple harmonics of equal phase position which 
add to the equivalent of the triple harmonic in the 
summation wave in the centre but are opposite in 
direction. The sum of these three waves, therefore, 
will not contain a third harmonic. 

If, now, the phase sequence of a reactor bank of 
this type is reversed, a wave of the same shape as that 
shown in fig. 18 will result, but it will be oppositely 
symmetrical, as if the time had been measured from 
right to left instead of from left to right. The addition 
of two such waves is shown in fig. 19 and yields a 








Fig. 19.—Derivation of the magnetic pressure wave with reference 
to the terminals of the complete reactor. 


resulting curve which does not contain any harmonics 
except those of the order 12K + 1, K = 1, 2, 3,1.e. the 
llth and 13th and the negligible harmonics of still 
higher order (23, 25, etc.). The wave shown in fig. 19 
is actually not the sum of the individual waves but half 
of it drawn for convenience and clarity as the average 
between the partial waves. The total current can, 
therefore, be found from a doubled scale. 

It will be noted that the wave shown in fig. 19 sull 
contains harmonics of about 4 per cent. amplitude. 
These harmonics disappear almost completely in prac- 
tice because they are exaggerated in this diagram by the 
simplifying assumption of a sharp corner at the 
saturation limit in fig. 16(a). If the real magnetising 
curve which is rounded off at this corner is used for 
the theoretical derivation, these residual harmonics 
become almost invisible, as exemplified by the test 
results shown in fig. 12. The derivation of the output 
wave form from a simplified magnetising characteristic 
was actually chosen for two reasons: it shows more 
clearly the physical origin of the individual parts of 
each wave encountered, and it lends itself to a direct 
mathematical analysis of the harmonic content and 
r.m.s. values of the currents in the individual windings 
of the reactor. This analysis, however, had to be 
omitted from the present article. 
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Coal Preparation Plant at Nantgarw 


By B. A. PRICE 
Fraser & Chalmers Engineering Works. 





TES 


Fig. |.—The exterior of the coal preparation plant at Nantgarw. 


INTRODUCTION. 


HE Nantgarw coal preparation plant is installed 

7 to provide a high-quality coal of uniform ash 

content with a minimum of moisture for use in 

the Nantgarw coke ovens for producing metallurgical 
coke. 

It is interesting to note that this plant is the second 
to be commissioned which is capable of dealing with 
the whole of the run-of-mine output of a pit in two 
processes only: heavy medium (“ Chance’”’), and 
froth flotation. It is believed that this type of plant, 
developed by Fraser & Chalmers Engineering Works 
at Erith, is unique and it is significant that two further 
large plants of a similar type to those already com- 
missioned have been ordered by the National Coal 
Board. The first of these is being erected at Cwm 
Colliery and is due to go into commission later this 


year. Like the Nantgarw plant, Cwm will prepare a 
high-grade coking coal. The second plant, at Cyn- 
heidre Colliery, will produce a low ash, closely sized 
anthracite product for the export trade. It is a clear 
indication of the efficiency of the “ Chance” froth 
flotation two-process plant that it should be chosen 
for treating coals for such exacting markets as those 
mentioned. 

The “ Chance ” process is, of course, well established 
and has been most successful ever since its introduction 
in the United States of America in 1921. Since that 
time well over 100 plants have been commissioned in 
that country, while Fraser & Chalmers have been 
responsible for the introduction of the process into the 
United Kingdom, South Africa, India and, more 
recently, Australia. For many years, in the United 
Kingdom in particular, it was generally the practice 
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with the “ Chance” process to treat coals down to 
7s in. in size after the extraction of the material below 
+s in. by a combination of shaker and Sherwen electro- 
magnetically vibrated screens. The ash content of the 
ts in. < O raw coal was usually low enough to allow 
its mixing with, say, the # in. x + in. coal, after the 
latter had been separated in the “ Chance” cone, 
without increasing the ash content of the ? in. x 0 
mixture to an unacceptable value. Alternatively, the 
7s in. x O raw coal could be readily sold for use in 
pulverised fuel-fired power stations. 

Many plants of this type were put into commission 
and they proved remarkably successful: they were 
simple to operate, low in maintenance and capital costs 
and the results obtained were consistently good. 

The advent of mechanisation, however, brought 
many new problems to the coal preparation engineer 
and made it necessary for new techniques to be intro- 
duced and for the older ones to be modified to suit the 
changed conditions. Two of the most important 
changes which occurred in the character of the raw 
coal as a result of mechanisation were an increase in 
the moisture content and an increase in the ash content, 
particularly in the finer sizes. In addition, the quantity 
of the finer sizes in the run-of-mine output increased 
considerably. Prior to mechanisation the free moisture 
content of the raw coal was, in most cases, between 
1 and 4 per cent. and under these conditions it was 
possible to dry screen the +; in. x 0 fraction from the 
run-of-mine output by the means already described, 
with efficiencies of between 90 and 95 per cent. It 
was found, however, that when the moisture content 
increased beyond 4 per cent., the efficiency of the 
extraction of the ;; in. x 0 fraction decreased rapidly, 
until at approximately 10 per cent. it was virtually 
unscreenable by the conventional method of dry 
screening. In addition, the quantity and the ash 
content of the ; in. x 0 fraction soon reached a point 
which precluded its being mixed back, untreated, with 
the washed duffs. 

The designs of the “‘ Chance” plants previously 
described were in many cases like those of other 
processes, no longer adequately suited to the changed 
conditions, and the problems involved in adapting the 
‘““ Chance ”’ process to the new conditions concerned 
the development of some means of : 

1. extracting the ;; in. 0 fraction from the 
raw coal feed when the latter had a moisture 
content in excess of 10 per cent. ; and 

2. successfully cleaning the ; in. x O fraction 
in a single process. 

The successful surmounting of these difficulties 
would result in a two-process plant for cleaning the 
whole of the run-of-mine output from a colliery. It 
was quite practicable, before any investigations were 
maade into the two-process plant, to clean an entire 
pit output in a three-process combination, namely 
heavy medium (plus } in., say), jig or trough (4 in. 

} mm.) and froth flotation (4 mm. x 0). The 
two-process plant had many potential advantages, 
however, and it was considered that it would result 
in a simpler plant, lower in capital and running costs 


than its three-process counterpart, requiring fewer 
operators and, at the same time, giving better products. 

The reason for the last named assumption was that, 
as the 4 in. x + in. fraction would be treated in the 
heavy medium section, the separation of the clean 
coal from its impurities would be much more accurate 
than in a jig or a trough washer, while it was hoped 
that the +; in. x 0 fraction could be cleaned at least as 
well byfroth flotation asin thetwo types of washeries just 
mentioned. These hopes were more than realised when, 
in addition to the advantages enumerated above, the 
products from the two-process plant were found to be 
equal to, if not better than, those from a three-process 
plant. One further advantage, of particular impor- 
tance when dealing with coking coal, is the lower 
moisture content obtained with the two-process plant ; 
but details of this aspect are given later. 


HISTORICAL. 


Nantgarw Colliery is in the No. 5 area of the South 
Western Division of the National Coal Board, and is 
situated in the Taff valley on the southern outcrop of 
the South Wales coalfield. The two shafts, which are 
19 ft. in diameter and 856 yards deep, were sunk in 
1911, but due to difficult geological conditions coal 
production ceased in 1927. Later, the Powell Duffryn 
Company acquired the pit, and in 1937 they decided 
to reorganise it, but this scheme was held in abeyance 
on account of the second World War. The Ministry of 
Fuel and Power approved the reorganisation scheme 
in 1946 and, following developments underground, 
the contract for the coal preparation plant was placed 
with Fraser & Chalmers Engineering Works of the 
G.E.C. in 1950. 

The average dip of the coal seams at Nantgarw 
is 37° and, in view of this, it was decided to adopt 
the principle of horizon mining, which has been popu- 
lar on the Continent for a number of years. Two main 
roadways were driven at depths of 280 and 380 yards 
respectively and, in the future, a further main roadway 
will be developed at a depth of 480 yards. At present, 
the 280-yard level is used for conveying men and 
materials to the coal face, while coal is handled on the 
380-yard level. The pit has been planned for an out- 
put of 4,000 tons of raw coal a day, on two shifts, and 
all the coal is brought up the south shaft, the north 
shaft being used for men and materials. 


RAW COAL HANDLING ARRANGEMENTS 

The coal is handled in 3-ton capacity mine cars 
hauled by diesel locomotives. These cars are brought 
to the surface in two-deck cages arranged for simultan- 
eous decking, drop cages and lifts being fitted to 
accommodate the difference in the decking levels. 
Due to the shortage of space at the pit top, an entirely 
new system of traversing equipment was developed, 
manufactured and installed by Plowright Bros. Ltd., 
of Chesterfield. 

The mine cars are discharged at the pit top by means 
of two Plowright rotary power tipplers, whence the 
flow of raw coal may be delivered either to a pair of 
300-ton capacity storage bunkers or directly to the 
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coal preparation plant. The main purpose of the 
storage bunkers is to enable the different qualities of 
raw coal to be blended, if desired, before delivery to 
the preparation plant. The run-of-mine coal handling 
equipment has been laid out in such a way that a 
third shaft, to be fitted with four cages, may be 
installed in the future so that the gross output from 
the colliery may be increased to 8,000 tons a day. 


FLOW OF MATERIAL THROUGH THE PLANT. 

The flow of raw coal from the blending bunkers is 
controlled by means of two Sherwen electro-magnetic- 
ally vibrated feeders which deliver the raw coal on to 
conveyor R.1, via conveyor R.2 (fig. 2). Conveyor R.1 
discharges the run-of-mine coal on to the primary 
raw coal screen for a separation at 8 in. round, the 
minus 8 in. fraction passing to conveyor W.42 while 
the plus 8 in. fraction is delivered on to the picking 
belt W.45, for the removal of timber, tramp iron and 
stone. At the present time the plus 8 in. coal, after 
hand picking, is delivered on to boom loader W.10, 
for loading into rail wagons. Provision has been made, 
however, that in the future the picking belt can be 
fitted with a pick breaker for reducing the plus 8 in. 
coal to minus 8 in. The crushed coal will then be 
able to join the natural 8 in. x 0 coal on conveyor 
W.42, via conveyor W.43. The facility of being able 
to load a plus 8 in. hand picked coal to wagons 
will still be available, provision being made in 
the pick breaker to lift the picks clear of the 
picking belt when large coal is required. 

The stone, removed from the picking belt 
W.45, is passed through suitable chutes at 
either side of the belt, to conveyor W.103 and 
thence to the stone crushing and preparation 
plant, via conveyors W.102 and W.101. 

All the 8 in. = 0 raw coal passes to conveyor 
W.42, as already described, from which it is 
delivered to conveyor W.4l. The discharge 
chute of the former is fitted with a by-pass, 
however, so that in an emergency 8 in. « 0 raw 
coal may be off-loaded to rail wagons, via a 
25-ton capacity bunker. Coal loaded out in 
this way may be reintroduced into the plant 
by means of a Marshall type wagon tippler and 
belt conveyor W.47. 

Conveyor W.41 delivers the 8 in. 0 raw 
coal on to a pair of secondary raw coal screens, 
where it is separated with the aid of spray 
water into 8 in. « } in. and } in. = O (fig. 3). 
The latter fraction is laundered, with the aid 
of the spray water added on the secondary 
raw coal screens, to a battery of six Sherwen 
electro-magnetically vibrated screens for fur- 
ther wet screening into $ in. =< ,) in. and { in. 

< 0 (fig. 4). The 8in. = 4 in. fraction is de- 
livered to the “ Chance” washing cone via 
conveyors W.35 and W.38, together with the 
} in. < in. size from the Sherwen screens 
via conveyor W.36. All the spray water, added 
on the secondary raw coal and Sherwen screens, 
which contains the ;; in. « 0 fraction of raw 


coal flows into the slurry basin from which it is 
pumped to the froth flotation plant. 

The ‘‘ Chance ”’ cone, which is 15 ft. in diameter, is 
suitable for a single gravity separation with products 
of clean coal and refuse. Provision has been made, 
however, so that the cone can, if necessary, be conver- 
ted to make a two gravity separation for producing 
clean coal, refuse and middlings. The connection on 
the cone for the middling tube can be seen in fig. 5. 
This connection has been blanked off for the time 
being and the middlings tube can be fitted in a very 
short time without structural alterations to the washing 
equipment. 

This facility, of being able to add middlings equip- 
ment cheaply and easily to a “‘ Chance ” cone, is one 
of the many advantages of the “‘ Chance ”’ process. It 
should also be noted particularly that even when the 
middlings extraction equipment is installed it will 
still be possible, by means of a simple operation taking 
only a few moments, to revert to a single gravity 
separation and vice versa. Both the upper and the 
lower gravities when making a three-product separation 
may be varied within wide limits independently of one 
another, while the gravity, in the case of a two-product 
separation, 1s also easily adjusted to suit varying market 
requirements or the changing washing characteristics 
of different coal seams. 


v 





Fig. 4.—Typical Sherwen vibrating screen installation. 
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The refuse extracted from _ the 
‘Chance”’ cone is desanded and de- 
watered on a shaker type screen and is 
then delivered to conveyor W.1 via con- 
veyor W.2. The former conveys the 
8 in. < , in. refuse to the refuse crush- 
ing and preparation plant for ultimate 
pneumatic stowage underground. Mean- 
while, the clean coal is also desanded and 
dewatered on two shaker type screens 
which also separate it into 8 in. x 4 in. 
and } in. = , in. The former is de- 
livered on to conveyor W.19 and the } in. 

é; in. fraction on to conveyor W.24. 

Conveyor W.19 discharges the 8_in. 
} in. coal on to a sizing screen where it 1s 
separated into the following sizes : 8 in. 

4 in., 4 in. 2 in., 2 in. 1 in. and 

lin. x $in. The last three sizes may be 
loaded into rail wagons by means of boom 
loaders (fig. 6) W.16, W.14 and W.12 
respectively, while the 8 in. « 4 in. frac- 
tion can be dealt with in two ways : 

a) It can be loaded to wagons via 
boom loader W.10, along with the 
plus 8 in. hand picked coal ; or 

(6) It can be crushed to minus 4 in. and 
rescreened to increase the percent- 
age of the sizes between 4 in. and 
+ in. 

The sizing screen is normally arranged 
for condition (a), but by means of a 
simple modification to the screen, the 


Fig. 6.—Boom loader and hoisting gear. 
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8 in. x 4 in. size can be diverted from 
boom loader W.10 and conveyed by 
means of a pan on the upper deck to 
the far end of the sizing screen. Here 
it is discharged into a Fraser & 
Chalmers Pennsylvania single roll 
crusher, via conveyor W.9 where it is 
reduced to minus 4 in. After crushing, 
the coal is returned to the sizing screen 
for resizing in the manner already 
described via conveyor W.7. Prior to 
its delivery on to the sizing screen, 
however, the crushed coal, 4 in. x 0, 
is passed over a Sherwen screen for 
the extraction of the minus } in. frac- 
tion, the latter joining the washed duff 
on conveyor W.4, via conveyor W.5. 
As already mentioned, however, the 
setting of the crusher can be adjusted 
to give a minus 2 in. product in the 


Fig. 5.—The base of the ‘‘ Chance’’ cone 
showing the connection for a future middlings 
column. 
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TABLE 1. 
WASHABILITY CHARACTERISTICS OF THE 8 in. X & in. RAW COAL. 

















Float 1-40 Float 1-50 Float 1-60 Float 1-70 Float — Raw Coal 
Sink — Sink 1-40 Sink 1-50 Sink 1-60 Sink 1-70 
oa Wt. Ash Wt. Ash Wt. Ash Wt. Ash Wt. Ash Wt. Ash 
o O o O O O o O o o o 0 
. x9 29-83 4-6 2-09 15-9 0-88 26-2 0-45 36°9 30-54 85-4 63-79 46°8 
, fs 25-02 4-2 1-43 18-3 0-98 28-6 0-93 39-0 7°85 77°7 36°21 22:2 
54°85 4-4 3-52 16°8 1-86 27°5 1-38 38°3 38-39 83-8 


100-00 37°9 








event of the quantity of natural 2 in. « 0 coal being 
insufficient to supply the demand of the coke ovens. 

The 4 in. x + in. fraction of clean coal separated 
from the 8 in. x 4 in. size on the desanding and de- 
watering screens is delivered on to conveyor W.24. 
The discharge chute of this machine is arranged so 
that in normal circumstances the } in. x ; in. clean 
coal is delivered to two of the three Rheolaveur Reine- 
veld centrifuges for dewatering. By adjusting the 
flopper valve of the discharge chute of conveyor W.24, 
the 4 in. x + in. clean coal may be fed directly on to 
conveyor W.4 for disposal without dewatering. 

The distribution of the feed to the three centrifuges 
is facilitated by means of a scraper conveyor. Any two 
of the three centrifuges are normally in operation, the 
third serving as a standby. After dewatering, the 4 in. 

d; in. clean coal is discharged on to conveyor W.4, 
where it is joined by the ; in. x 0 filter coke. This 
conveyor is fitted with a discharge chute to deliver 
the 4 in. x O mixture either to the conveyor feeding 
the coke works blending bunkers or to wagons via 
a 50-ton capacity bunker. Tables 1 and 2 show 
respectively the washability characteristics of the 8 in. 

(; in. raw coal, and the guarantees and actual results 
obtained in the “ Chance” cone. 

The ;, in. 0 fraction of the raw coal feed is 
laundered, together with all the spray water added on 
the secondary raw coal and Sherwen screens to the 
slurry basin. The latter serves as a reservoir for starting 
up the froth flotation plant at the beginning of a shift, 
besides evening out the quantity and the washing 
characteristics of the ;; in. x 0 raw coal before it is 


delivered to the flotation plant. The screening and ash 
analysis of the ;;in. raw coal are given in Table 3. 
The feed to the flotation plant is controlled by means 
of the head boxes to which the ,; in. x 0 raw coal 
slurry is pumped from the slurry basin by means of 
three pumps of special design (figs. 7 and 8). Besides 
controlling the volumetric flow to the flotation plant, 
the head boxes also separate any over-size material 
(i.e. above , in.) from the feed and deliver it to the 
‘““Chance”’ section of the washery. The flotation 
plant has a designed capacity of 60 tons an hour 
and consists of 628 cu. ft. of flotation volume in a 
bank of eight cells (fig. 9) of the “‘ mineral separation ”’ 
pattern which were designed and manufactured at 
the Erith Works. The clean coal concentrates are 
laundered from the cells to two 200 sq. ft. top feed 
Unifloc rotary vaccuum filters, and after dewatering 
the filter cake is discharged on to conveyor W.4 
to mix with the } in. ‘sy in. washed duff as pre- 
viously described. The tailings from the flotation 
cells, meanwhile, are laundered to an 80 ft. diameter 
thickener, from which the clarified water overflows 
into the clarified water sump for re-use in the washery 
system (fig. 10). The thickened sludge is extracted 
from the centre of the thickener tank by means of 
three Unifloc pressure type diaphragm pumps, one 
of which serves as a standby. These pumps are 
suitably arranged to deliver the thickened sludge 
either to a transfer sump or to a rotary vacuum filter 
for dewatering. The latter was installed to experiment 
with the dewatering of ;, in. x 0 sludge. At present 
the sludge which cannot be handled by filtration 1s 


TABLE 2. 
GUARANTEES AND ACTUAL RESULTS OBTAINED ON THE 8 in. x } in. SIZE 








TREATED IN THE *“ CHANCE” CONE. 
Product Guarantees Actual 
Wt °, we % 
8” 4” clean coai Maximum sinks at 1-60 specific gravity b Nil 
4” 4” clean coal Maximum sinks at 1°60 specific gravity | r 0-8 
8” é” refuse Maximum floats at 1-60 specific gravity 1-5 0-8 
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TABLE 3. 


THE SCREENING AND ASH ANALYSIS OF THE MINUS in. RAW 
COAL TREATED IN THE FROTH FLOTATION SECTION OF THE 
PLANT, TOGETHER WITH DETAILS OF THE PRODUCTS ACTUALLY 














OBTAINED. 
Raw Coal Clean Coal Refuse 
Feed 
Mesh 

Wt. Ash Wt Ash Wt. Ash 
Above 4” sq. 25 21-0 5-07 3-6 3-16 70-2 
4.” 30 BS 23°6 18-3 25°67 4-2 34-18 72:1 
30 BS 60 BS 22:9 21:2 20:27 5-5 22:78 76:2 
60 BS 120 BS 21-7 24:8 20-61 7°9 21°52 80-4 
120BS » 240 BS 14-0 26°9 13°18 9-] 10°76 79-7 
240 BS ~ 0 15°3 35°1 15-20 12-4 7-60 77°8 
Total 100-0 24:2 100-00 7:1 100-00 76:0 











pumped to the transfer sump whence it is pumped 
a distance of over 600 yards to a lagoon by means of 
two special high lift pumps. 


FINES CLEANING AND WET SCREENING PLANT. 
The flotation cells incorporated in the Nantgarw 
plant were designed and manufactured at the Erith 
Works, and are of the mineral separation type. A 
schematic arrangement and some preliminary informa- 
tion regarding this equipment have already appeared 


RRR ate 





in this Journal* and the results which have been ob- 
tained are well up to expectations. The success of the 
plant is due in no small measure to the work carried 
out in the pilot plant in South Wales. Here, a great 
deal of the experimental work necessary to develop 
the two-process plant was undertaken with the co- 
operation of the officials of the then Ocean Coal 
Co., Ltd. 

The treatment of coal below } mm. in size had, of 
course, been a practicable proposition for many years. 





* * Progress 1954’, G.E.C. Four., Vol. XXII, No. 1, February 1955, p.{25. 


Fig, 7.—Typical installation of sand and slurry type pump. 
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The purpose of the experiments with the pilot plant, 
therefore, was to ascertain if it was possible to increase 
the size range treated by froth flotation up to ; in., 
as the “‘ Chance” process was already capable of 
treating coal down to that size. At the same time that 
work was proceeding on the pilot plant a series of 
experiments was carried out in the G.E.C. Laboratories 
at Wembley. As a result of all this work, it was found 
that coals which were amenable to froth flotation up 
to } mm. in size could be successfully treated by this 
means up to ; in. in size, and the results obtained 
closely approached those expected. 

Another important discovery was the fact that a 
larger quantity of +; in. x 0 could be handled by a 
given cell volume than was the case with $4 mm. x 0. 
This has the advantage that, while the quantity of 
7g in. < O contained in a raw coal is obviously more 
than that of 4 mm. x 0, the plant capacity need not 
be increased pro rata to the tonnage of these fractions. 

In addition to the question of flotation of material 
up to + in. in size, the practicability of dewatering it 
on vacuum filters and of dealing with it in thickeners 
also had to be considered, apart from the problem of 
extracting it efficiently from the raw coal feed when 
the latter had free moisture contents of the order of 
10 per cent. Fortunately, the solution to these require- 
ments incurred no undue difficulties. It was found that 
fs in. x O material could be handled in a conventional 
thickener, while filtration was possible with a rotary 





vacuum type of filter. So far as screening was con- Fig. 9.—One bank of froth flotation cells. 

cerned, it was found that the equipment necessary for 

the removal of the ;; in. x 0, when the coal was the screen meshes. The weight of water required for 
dry, was suitable, provided that additional water was froth flotation purposes is approximately ten times that 
added to assist in washing the fine material through of the coal to be treated, whereas it was found that the 
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Fig. 8.—Sectional arrangement of 6-in. type sand and slurry pump. 





114 G.E.C. JOURNAL APRIL, 1955 


‘; in. x O coal could be extracted with water-solid case, together with a sequence test switch, “ start” 
ratios of less than this. The equipment used for wet and ‘“‘stop”’ push buttons, ammeter and off-load 
screening is essentially the same as that previously isolating switch. 


described for dry screening with the exception that 
it 1s necessary to install the Sherwen screens at an 
angle of about 20° instead of 35°. Similar efficiencies 
can be obtained by wet screening methods to those of 
dry screening so that a two-process plant, of the type 
already described, at once became a practicable propo- 
sition. 


ELECTRICAL EQUIPMENT. 


The whole of the driving motors and the contactor 
type control gear was designed and manufactured at 
the Witton Works of the G.E.C. All the motors are of 
the totally enclosed, fan cooled, squirrel cage type and, 
with the exception of two, operate on a 500/550 volt, 3 
phase, A.C. supply. These two motors are of 100 h.p. 
and 115 h.p. and are wound for an A.C. supply of 3,300 
volts, 3 phase, 50 cycles and drive the clarified water 
pump and the circulating water pump respectively. 
With the exception of those for the last two items 
mentioned all the starters are of the latest contactor 
type and are arranged in groups about the plant. The 
groups are so arranged that all the starters are near the 
particular units which they control, thus making for 
safety for the washery personnel and ease of operation. 
Each starter is suitably rated for its duty, but the num- 
ber of sizes of contactors has been kept to a minimum 
in order to reduce the number of spare parts required. 

A “ running ” and “ stopped ” light 1s fitted in each Fig. 11.—Group starter board. 
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Fig. 10.—The washery buildings. 
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The starters forming the group boards are mounted 
two or four high depending upon the motor horse- 
power, while the cables in each case are brought out 
at one end of the board. A typical arrangement 
of a group board is illustrated in fig. 11, and the 
construction is such that additional items may be 
added in the future, if desired. All the group boards 
are fed from a main low-tension distribution board in 
a central substation inside the washery building. 

The starters for the 100 h.p. and 115 h.p. motors 
are of the S.V.D. oil immersed, hand operated type 
and are situated adjacent to their respective motors. 

Many of the drives are such that there is a high 
inertia on starting, and in the normal course of events 
would have necessitated the use of slipring driving 
motors with their relatively more expensive and 
complicated control gear. To overcome this difficulty, 
fluid couplings have been fitted wherever there is a 
high starting inertia and the smooth starting conditions 
so obtained reduce the wear and tear on both the 
mechanical and electrical equipment. A special 
design of fluid coupling was developed by Fluidrive 
Ltd. for use in conjunction with vee-rope drives. The 
conventional fluid coupling requires two bearings, 
and a lay shaft for supporting the coupling and the 
vee-rope pulley and this arrangement has the dis- 
advantage that the bearings have to be disturbed to 
replace a vee-rope. With the modified design, how- 
ever, this difficulty is overcome as the coupling is 
fitted with a special shaft extension and only one bear- 
ing is required, as will be seen in fig. 12. In this way 
it is possible to overhang the vee-rope pulley and the 


ropes can be changed without interfering with the 
alignment. In all cases where there is a direct or gear 
box drive, conventional traction type fluid couplings 
are fitted. 

A considerable portion of the plant is sequence 
interlocked to avoid any complications in the event 
of a particular conveyor or screen tripping out. It 
was felt, however, that with certain items, sequencing 
was more of a hindrance than a help to plant operation, 
and these remarks apply particularly to the froth 
flotation and water clarification sections. All the motor 
control gear, however, has provision for interlocking 
so that sequencing may be added in the future if it is 
found to be necessary due to changing conditions. 

In order to avoid the inconvenience of a number of 
units tripping out in the event of another failing, the 
plant has been sequenced on the “‘ family tree ” princi- 
ple, as shown in fig. 14. This arrangement has the 
advantage that a minimum of other units are tripped 
out if one fails, besides enabling the operators to start 
up different sections of the plant simultaneously 
without waiting for a number of other items to be 
started up first. This facility is also assisted by a 
comprehensive sequence signalling system, which is 
arranged so that when a particular item on one of the 
group boards is started it automatically illuminates a 
lamp on the item next in sequence, if it is on a different 
group board. In this way the operators know at 
once when it is in order for them to proceed with the 
starting of their particular section. 

In cases where there are alternative flows, for a 
particular material,the correct sequence is automatically 





Fig. |12.—The secondary raw coal screen showing the driving motor and fluid coupling. 
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selected by means of a switch attached to the flopper 
valve of the appropriate conveyor discharge chute. 
In addition, lights are fitted on the starter for the 
item next in sequence to the double flow, to show the 
operator the position of the chute flopper valve. 

The safety arrangements include a “lock” and 
“free”? push button at each motor which, once 
depressed, is definitely locked in the “ off ” position 
until it is reset. This protects the operator in the event 
of maintenance being required on any particular 
item of plant. In addition, special emergency buttons 
are provided, one type to interrupt the raw coal feed 
to the plant and the other type to shut down the com- 
plete plant in an emergency. One of each of these 
two types of button is situated on each floor of the 
washery building. 


CIVIL ENGINEERING WORK. 

As mentioned below, the contract included the 
whole of the civil engineering work associated with the 
coal preparation plant. The site was an extremely 
difficult one from the civil engineering point of view 
as the natural ground was marshy and a stream ran 
across it from north to south. It was necessary to 
raise the level of the ground by approximately 20 ft. 
in order to obtain suitable falls on the sidings, etc., 
and the stream had, therefore, to be contained in a 
culvert. After the culvert had been constructed and 
the ground filled to the required level, piles of 14 in. 
Square section had to be driven to support all impor- 
tant loads. These piles were approximately 55 ft. 
long and, in all, close on 500 were required. 
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The washery building is of reinforced concrete 
construction with 43 in. thick brick panelled walls, 
4 in. thick reinforced concrete floors and roof, and 
with the necessary windows and roof lights. This 
type of construction was used to reduce the building 
maintenance costs on account of the proximity of the 
coke ovens. The pleasing effect of the combination, 
of reinforced concrete and brick work will be noted 
from fig. 10. 


CONTRACTS. 


The main contract for the installation was placed 
with The General Electric Company Limited and inclu- 
ded the whole of the mechanical equipment, the 
civil engineering work, driving motors and control 
gear, together with the heating installation. The greater 
part of the mechanical gear was designed and manu- 
factured at the Erith Works. 

The electrical equipment was supplied by the Witton 
Works of the G.E.C. and the lighting installation was 
executed under direct contract from the National 
Coal Board. 

Acknowledgment is made to the sub-contractors as 
under: Plowright Bros. Ltd., Chesterfield: belt con- 
veyors; Unifloc Ltd., Swansea: water clarification 
plant and vacuum filters ; Rheolaveur Ltd., Reading : 
clean coal centrifuges; Alfred Wiseman Ltd., 
Birmingham : worm reduction gear boxes ; Fluidrive 
Ltd., Isleworth : fluid couplings ; Holst & Co. Ltd., 
Berkhamsted: civil engineering ; Hamptons, Ltd., 
Cardiff : heating equipment. 





Fig. |3.—Wagons loaded with washed coal leaving the plant. 
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Moulded Magnetic Materials 


By G. R. POLGREEN, M.B.E., B.SC., M.IE.E. 
Salford Electrical Instruments, Ltd. 


Moulded magnetic materials include both ferrites and magnetic powder cores. They are manufactured 
by processes closely associated with powder metallurgy and form a marked contrast to the conventional 
magnetic materials produced by the steel industry. Ferrites are made from sintered mixed oxides, while alloy 
powder cores are produced by hydrogen reduction of heated mixed compounds of ferromagnetic metals. 
Despite their physical differences they have many common qualities : each can be made either with low 


losses or with permanent magnet properties. 


Production methods ensure uniformity of size and performance for large quantities of components of similar 
design, which is of particular importance in electrical engineering and for industry in general. Each type of 
material has advantages and limitations, thus a range of products is required to cover the wide and 
growing field of applications. Magnetic recording media are also included in this subject. 


1. INTRODUCTION. 


QUARTER of a century ago magnetic materials 
made from chemical substances were first 
introduced on a commercial scale, some as 

permanent magnets made from sintered mixed oxides 
and others as alloy powder cores made from the 
reduction in hydrogen of mixed compounds of 
ferromagnetic metals. Hitherto almost all cores 
and magnets in the electrical industry had been 
made by conventional metallurgical processes pri- 
marily developed for the manufacture of steel and 
similar metals. Up to that time the principles of 
magnetism were imperfectly understood and research 
work was generally based on random experiments. 

The advance in both theoretical and practical 
aspects of magnetic materials since the early 1930’s 
has been so great that it probably now exceeds all 
earlier progress in this subject during the past 
twenty-five centuries of recorded scientific activity, for 
the properties of magnetic oxides were noted by the 
ancient Greeks and Chinese. During the recent period 
of time the range of frequencies used for practical 
purposes in electrical engineering has increased about 
one millionfold, and there has arisen a need for mag- 
netic materials with new or improved properties and 
greater stability. These demands have been met 
to a remarkable extent by moulded magnetic materials 
made from chemical compounds and oxides and this 
article describes their properties and compares them 
with conventional metals and alloys. 

Magnetic theory has kept pace so well with these 
recent developments that it has now become possible 
to predict the course of new developments, as in the 
case of permanent magnets made from ultra-fine 
pure iron powder, a material hitherto accepted as the 
basic “‘ soft”? or low-loss magnetic metal. It is now 
possible to obtain either good permanent magnetic 


properties or low losses with the same material accord- 
ing to its crystal size. 

This article opens with a brief description of the 
general properties of low-loss magnetic powder cores 
and micropowder magnets, which together will be 
known as the “‘ powder group,” and all kinds of ferrites, 
whether possessing permanent magnet properties 
(high hysteresis loss) or low magnetic losses. In order 
to explain and compare their magnetic and electrical 
performance it is necessary to consider the effects of 
subdividing a magnetic core on the basic magnetic 
properties, such as coercivity, saturation flux density, 
the shape of the hysteresis loop and the resulting 
permeability and electrical resistivity values. 

In the past it has been usual to treat permanent 
magnets and low-loss magnetic metals as separate 
materials with many differing physical properties. 
Present knowledge indicates that they can now be 
regarded as almost identical apart from the coercivity 
value, which can be controlled. 


2. GENERAL PROPERTIES. 

The chief difference between ferrites and metal 
powder groups of magnetic materials lies in their 
mechanical hardness. All powder cores and micro- 
powder magnets are physically soft and can be pressed 
into solid mouldings with excellent surface finish ; 
in many cases they can be machined and drilled. All 
ferrites, on the other hand, are so hard that they must 
be ground to size with special abrasives. ‘They are 
manufactured with ceramic techniques by heat treating 
compressed mixed oxides at temperatures in the 
region of 1,250 deg. C. with considerable shrinkage. 

A photograph showing a comparison between ferrites 
with cores and magnets of the powder group is given 
in fig. 1. It will be seen that many shapes can be 
produced with materials of either group, especially 
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ironclad or cup cores which represent the most efficient 
electromagnetic design which could not be made with 
earlier materials. The electrical resistivity of ferrites is 
inherently high (in the region of 100 to 100,000 ohm- 
cm.) and they can, therefore, be used without sub- 
division in the form of massive blocks or extruded rods. 

The powder group of mouldings can be made from 
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Fig. |._—Moulded magnetic materials: ferrites (left,) 


either insulated or uninsulated ferro-magnetic metal 
powders but in each case a high moulding pressure 
intensity is employed. Their advantage lies in the 
fact that they do not require high temperature heat 
treatments and thus the physical shrinkage is almost 
negligible ; hence they can be moulded to greater 
accuracy of dimensions and in more complicated shapes 
than the ferrites, and it is also possible to incorporate 
other metal parts and powders and certain non- 
metallic substances in the mouldings. 

A brief summary of these materials and their present 
more important applications are given in Table 1. 
The chief constituent of all magnetic ferrites is iron 
oxide with varied proportions of other oxides or 
compounds of certain metals. There are two principal 
types of low-loss ferrite at present in use ; the man- 
ganese-zinc grade is used for television transformers 
and yokes and for cores operating at the lower tele- 
communication frequencies up to about one megacycle ; 
the nickel-zinc ferrite is used in a variety of propor- 
tions up to the higher radio frequencies. Barium 
ferrite magnets are used principally for the focusing 
of television tubes. The combined weight of ferrites 
in a modern television receiver is of the order of 1 lb. 
and at the present rate of production the output of 
ferrites in this country alone is already well over 
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1,000 tons annually and in the United States it is 
several times greater. 

Iron powder cores were first produced in America 
about 40 years ago for the cores of loading coils for 
telephone cables which are introduced into each tele- 
phone circuit at distances of 2,000 yards along the route 
in order to reduce the attenuation caused by the high 


4 5 





powder cores and micropowder magnets (right). 


capacitance of the closely packed conductors inside the 
lead sheath. The earlier iron wire and stamping cores 
gave severe instability and the compressed powder 
cores represented a remarkable improvement. Further 
increase in quality with reduction in size was obtained 
by the introduction of nickel-iron alloy powders for 
this purpose. Many hundreds of thousands of loading 
coils are made in this country annually and similar 
toroidal coils are also used for filter inductances for 
carrier telephony equipment. Their principal pro- 
perties are their remarkable stability and constancy of 
performance under all conditions of vibration, shock 
and super-posed electrical currents together with com- 
pactness and complete absence of leakage flux. Large 
numbers may thus be installed in very restricted space 
in underground manholes and telephone exchanges. 

For higher frequencies very large numbers of 
shapes of radio core are now used. Since these are 
mostly of low permeability, pure iron powder is used 
in their construction and they can be moulded with 
plastic insulation on the particles at comparatively 
low pressures. This makes it possible to use more 
varied designs than the ring core with its difficulty 
of winding and inductance adjustment. Radio cores 
are made principally in cylindrical form with either 
screwed brass stems moulded during pressing or else 
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a screw thread is ground on the outside on automatic 
centreless grinding machines. Many millions of 
both these types of cores are made each month in this 
country for the radio and electronic industries and a 
considerable number of each is used in every radio and 
television receiver for intermediate transformers and 
adjustable inductances. 

Micropowder magnets are made from extremely 
fine iron or iron-alloy powder deriving permanent 
magnet properties from crystal size alone. This 
technique is a very recent development and these 


All these devices need high magnetic flux 
density in order to give the most economical 
results and high permeability is often of 
limited importance on account of the air gap 
in the magnetic circuit. 

(6) Transformers. These are of all kinds in both 
power and telecommunications equipment for 
transforming the energy levels of electrical 
circuits. They require magnetic cores with high 
magnetic permeability, high flux density and 
low losses under operating conditions. 


TABLE 1. 
SUMMARY OF NEW MAGNETIC MATERIALS 





MOULDED MAGNETIC MATERIALS 
| 
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TYPE: FERRITES 





RADIO AERIALS 
HIGH PERMEABILITY 





(SINTERED MIXED METALLIC OXIDES) 


MANGANESE-ZINC FERRITE BARIUM FERRITE ALLOY POWDER CORE ALLOY MICROPOWDER 


PROPERTY: LOW-LOSS MAGNET 
PRINCIPAL 

PRODUCT NICKEL-ZINC FERRITE 

CHIEF TELEVISION TV. FOCUS 


APPLICATIONS TELECOMMUNICATIONS GENERATOR 


| 
METAL POWDERS 
(IRON & IRON-ALLOY) 


LOW-LOSS MAGNET 





IRON POWDER CORE IRON MICROPOWDER 


TELEPHONY INSTRUMENTS, ETC. 
TELEVISION METERS 
RADIO SMALL MAGNETS 


HIGH FLUX DENSITY 








magnets have numerous advantages arising from their 
low specific gravity, physical softness and economy 
of raw materials. Although some of their principal 
applications at present are in the field of electrical 
measurements, there is every indication that they will 
also make possible improved electromagnetic designs 
for many other applications. 


3. MAGNETIC MATERIALS IN THE ELECTRICAL 

INDUSTRY. 

The great diversity of magnetic cores and permanent 
magnets used in the electrical industry can be con- 
veniently grouped into the following application 
categories : 

(a) Transducers. This term denotes the transfer 
of electricity into other forms of energy and 
vice versa. Most transducers are of electro- 
magnetic design and the energy is conveyed by 
means of a magnetic field usually concentrated 
into a small air gap for reasons of efficiency. 
This group comprises motors and generators for 
the transfer of mechanical energy, electrical 
instruments and electricity meters of all kinds, 
and various control devices such as thermostats, 
switchgear and relays. In telecommunications 
this term includes loudspeakers, microphones, 
telephone earpieces and gramophone pickups. 


(c) Inductors. This group comprises chokes and 
filter coils for all branches of electrical engineer- 
ing. Those which operate in power circuits 
must have high flux density but for telecom- 
munications the current is generally of the order 
of milliamperes or microamperes and thus the 
flux density is extremely low. In the latter case 
the figure of merit is the power factor (or Q- 
value in radio techniques) and this is usually 
governed by the electromagnetic and resistance 
losses and is only partly dependent on the flux 
density. 

Groups (6) and (c) require low-loss materials almost 
exclusively. The magnetic materials in group (a) 
consist of both permanent magnets and low-loss cores 
and in many cases electromagnets are replaced by 
permanent magnets which require no power to main- 
tain the air-gap flux ; an example of this is the loud- 
speaker in radio and television sets. Many kinds of 
magnet in this group must be fitted with pole pieces 
for concentrating the magnetic flux in order to obtain 
better performance, especially when using high coer- 
civity materials. 

This brief review of the applications leads to the fol- 
lowing grouping of the magnetic materials themselves. 
Group 1. Low-loss materials working at low flux 

density, e.g. cores for radio and telephony. 
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Group 2. Low-loss materials working at high flux 
density, e.g. pole pieces, transformer cores, 
armatures for motors, etc. 

Group 3. Materials with high hysteresis loss, e.g. 
permanent magnets of all kinds, and 
magnetic recording bands, tapes and drums. 


are somewhat restricted by the comparatively high price 
of cobalt. This table indicates the chief disadvantage 
of ferrites with very low flux density at saturation, less 
than one-fifth that of iron. This limits the use of all 
kinds of ferrites and magnetic oxides to those applica- 
tions where low flux density can be tolerated, prin- 
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Fig. 2.—Hysteresis loop with typical magnetic properties of available commercial materials. 


The majority of moulded materials have been 
developed primarily for telecommunications, but they 
are being introduced for other applications which 
require large quantities of products with the same 
Shape and size which must be made to exacting 
performance limits. This is partly an economic 
matter on account of the high cost of the moulding 
tools which could not be justified for small quantities 
or diverse demands. 

The magnetic properties of most of the materials at 
present used for the above purposes are shown 1n fig. 2, 
associated with a typical hysteresis loop which indicates 
the principal terms and symbols used for this subject. 
The area of the loop gives a measure of the electrical 
power loss due to the magnetic hysteresis when a 
ferromagnetic material is placed in a coil carrying 
alternating current. The most important properties 
of magnetic materials are the coercivity and saturation 
flux density, and the values of commercially available 
metals and ferrites are indicated approximately against 
the scales which have been drawn respectively on the 
left and right of the diagram. 

Saturation flux density, which is analogous to elec- 
trical conductivity, is a physical property associated 
with each material and there appears to be little chance 
of major improvements as a result of future research 
and development work. It is of the greatest importance 
for most applications in the electrical industry, and it 
will be seen that pure iron is one of the best materials ; 
cobalt-iron alloys are nearly 20 per cent. better, but 


cipally in the telecommunications field for high 
frequency uses where low eddy current losses are of 
relatively greater importance. 

One of the limitations of iron in commercial form 
as sheet or solid metal is high hysteresis and eddy 
current loss, and various iron alloys are used in prac- 
tice, such as silicon-steel, which sacrifice high flux 
density to obtain lower losses. When prepared in an 
extremely pure form in the laboratory iron can be 
heat-treated to give higher permeability and lower 
hysteresis loss than any other material except certain 
super-pure nickel-iron alloys. 

Coercivity, which is the name given to the coercive 
force under saturation flux density conditions, covers 
such a wide range that it is necessary to use a logarith- 
mic scale to include both permanent magnets and low- 
loss materials in the same scale (fig. 2). Up to 25 
years ago the ratio between the greatest and smallest 
coercivity of commercial materials was 1000/1 but 
this ratio now approaches a million. There are possi- 
bilities of still further increase in this ratio, for coer- 
Civity is not a basic property of a metal or alloy, but is 
related to the physical structure and crystal size of the 
metal or substances of which the material is com- 
posed, and these factors can be varied between wide 
limits. 

Coercivity is analogous to voltage or electro- 
motive force in electrical circuits ; whereas electrical 
conductors must have a low voltage drop to avoid 
power loss, so the materials for conducting magnetic 
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flux should have the lowest possible coercivity. Con- 
versely, magnets required to maintain a high flux 
density must possess both high coercivity and high 
remanence to give the greatest efficiency, the energy 
supplied by the magnet being the product of both 
magnetic factors (BH max). As a further requirement 
the magnetic circuit must be matched for the magnetic 
equivalent impedance, namely reluctance, which can be 
assured by making the permeability of suitable value. 


4. EFFECT OF SUBDIVISION OF MAGNETIC CIRCUIT. 


Magnetic cores for low frequency alternating current 
use are generally laminated to minimise eddy current 
loss by constructing them of insulated stamping or of 
strip metal wound in a spiral. The high perme- 
ability value of the solid metal is thus maintained 
without appreciably reducing the effective area for 
carrying the magnetic flux. However, there is a 
limit to the reduction in eddy currents by this method 
since very thin stampings are costly and difficult to 
handle, so cores were developed from iron particles 
coated with a thin insulating film and moulded at a 
very high pressure to compact the 
material into a solid mass. This 
method proved to be very successful 
in practice for the following reasons : 

(a) the eddy current loss could be 
reduced to any desired extent 
by using finer powders, the loss 
varying with the square of the 
particular diameter. 

(6) the numberless air gaps be- 
tween the insulated particles 
increased the stability of the 
composite magnetic core to a 
degree unknown in any other 
form of magnetic material. 

(c) the permeability of the compo- 
site magnetic material could be 
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controlled over a wide range by Am 


varying the percentage of in- COM 
sulation and the manufactur- MAG 
ing process. 

(d) new shapes could be moulded 
which were impossible with 
other magnetic materials. 

As a further manufacturing and 

economic advantage it was found that 4 
vast numbers of parts of exactly simi- 
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indicates the particles as regularly spaced insulated 
cubes. While this may be thought very different from 
the wide range of particle sizes and diversity of 
particle shapes to be found in most commercial metal 
powders, it serves as a useful basis for calculating 
purposes. The diagram shows that the equivalent 
magnetic circuit is a ring of the solid magnetic metal of 
reduced diameter with an air gap. The latter consists of 
insulating material and air, or sometimes of air alone, 
as in the case of powder cores and magnets made 
from uninsulated powders which are physically soft 
and which are moulded at pressure intensities above 
the elastic limit of the metal. All magnetic powders 
can, of course, be moulded at appreciably lower 
pressures by the use of binders. 

In practice the specific gravity of these composite 
cores varies from 90 per cent. to 50 per cent. of the 
figures for the solid metal according to the fineness and 
pack density of the porder itself, the moulding con- 
ditions, the shape of the moulding and the subsequent 
thermal treatment ; the lower figure refers to micro- 
powder magnets. The length of the “ equivalent air 
gap ”’ of a powder core can be approximated from the 
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The magnetic effects of the sub- 
division of a ferro-magnetic core are 
shown in figs. 3, 4 and 5. The first 
of these shows an insulated powder 
ring core with an enlarged view of a 
small part of the surface which 


Fig. 3.—E ffect of subdivision of magnetic circuit. 
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simple formulae in fig. 3 by measuring the permeability 
of the composite core and using the known permeability 
of the solid metal. This shows that the equivalent air 
gap to obtain permeability values in the region of 
100/1,000 from nickel-iron and pure iron powders 
must be extremely small, most of the non-magnetic 
space in the core contributing to the reduction of area 
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highest frequencies and the shaded portion indicates 
the working zone for the powder group of materials. 
Note that the use of very high permeability materials 
will have negligible effect on the value of yu, for this 
shaded area. These curves also show that a very small 
amount of impurity or irregularity of structure will 
greatly reduce the real permeability of a core which is 
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Fig. 4.—Effect of insulation on permeability and resistivity. 


and hence of the saturation flux density. The effect 
of the subdivision on the hysteresis loops 1s indicated in 
the lower part of fig. 3 which shows the considerable 
effect of the equivalent air gap on the shape of the 
hysteresis loop giving a great reduction in permeability 
and remanence. The effect of the area reduction due 
to insulating and non-magnetic space is comparatively 
small and is mainly confined to a corresponding 
reduction of saturation flux density and remanence. 

The reduction of the permeability due to the 
insulating is accompanied by a vast increase in the 
resistivity of the composite cores which may be nearly 
one million times greater than the resistivity of the 
solid metal for an insulation proportion of only 2 per 
cent. by weight. Higher insulation percentages increase 
the resistivity of the composite material to any required 
value up to that of insulators and the relation between 
material permeability (,,), composite permeability 
ue) and resistivity 1s given approximately in fig. 4, 
all the scales being logarithmic. 

The vertical scale gives permeability and shows the 
approximate position of the well-known low-loss and 
permanent magnet materials, the figures for the latter 
being the remanence divided by the coercivity, which 
gives the value under optimum working conditions and 
forms a useful comparison with other magnetic 
materials. 

The first set of curves shows the great reduction in 
permeability due to the air-gap ratio factor (g) and 
using the formula in fig. 3. The values for g vary from 
0-1 per cent. to 10 per cent. between lowest and 


primarily composed of an extremely high purity iron 
or nickel-iron alloy. 

The right-hand curves give resistivity in ohm-cm. 
units plotted horizontally against the same vertical 
permeability scale. The resistivity of a good insulator is 
about 10'*-ohm-cm.and thatof the best-known electrical 
conductor is 10°. The narrow band indicates the value 
for all the iron and iron-alloy magnetic metals in the 
left-hand table and the two curves marked “ iron ” and 
** nickel-iron ”’ show the increase of resistivity obtained 
by the reduction in permeability resulting from the 
increasing percentage of insulating material. These 
curves represent well-insulated powders with regular 
and smooth surfaces. Micropowders can be insulated 
by similar methods to those used for low-loss powders 
and the line marked “iron magnet” indicates the 
lower resistivity for equivalent permeability. The 
line marked “ oxide magnet” refers to ferrites and 
magnetic oxides pressed with binders which have 
very low permeabilities on account of their inherent 
low remanence and high coercivity. 

The low-loss ferrites are indicated by the line in the 
centre of this curve which represents an average 
value between the manganese-zinc and nickel-zinc 
materials. The much higher permeability compared 
with powder cores of either iron or alloy powder is 
most marked. However, the lower permeability powder 
cores of the screw and slug types used in quantities for 
radio and television sets give the highest valuc in the 
curve and this, together with their low cost, indicates 
their advantage compared with ferrites of similar size. 
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Although the information summarised in figs. 3 and 
4 refers primarily to powder cores and micropowder 
magnets, it can be used to explain the reduction in 
permeability of extruded ferrites compared with 
the same material made by moulding. It also indicates 
the change in properties of magnetic powders and 
oxides dispersed in suitable liquids, as used for 
coating surfaces for magnetic recording. 


5. EFFECT OF PARTICLE SIZE. 


Magnetic powders with smaller particle size were 
developed originally in order to obtain lower eddy 
current losses for higher frequency applications. 
The average particle of a radio core powder is nearly 
one hundredth of the diameter of a coarse powder 
originally used for low frequency cores and it was found 
that the coercivity of the finer powder was appreciably 
higher than that of the pure iron powders with larger 
particles prepared by the reduction of iron oxides or 
compounds in hydrogen at medium temperatures. 
Work carried out in France and later in America on 
much finer iron powders than any hitherto produced 
indicated that the coercivity increased rapidly as the 
particle size was further diminished* and an opti- 
mum value was reached at about 0-02 microns (1 
micron is 0-001 mm. or 10-* metre). Below this 
critical size the coercivity falls off very rapidly but the 
powder is so fine that it approaches atomic dimensions. 

A curve showing coercive force plotted against 


* Carbony] iron powder does not behave in this manner for reasons still 
not perfectly understood. 











particle size in microns, both to logarithmic scales, is 
given in fig. 5. The approximate coercivity value of 
common magnetic materials is again marked to 
indicate the permanent magnet and low-loss zones. 
The maximum coercivity of the iron powder in 
practice is about 1,000 oersteds which is greater than 
that of any commercial magnet apart from barium 
ferrite, but if all the particles were of the exact opti- 
mum size, it has been estimated that the value would 
be increased to over 10,000 oersteds. At the other 
end of the scale, super purity iron in solid form has 
been produced on a small laboratory scale with a 
coercivity as low as 0-02 oersted (or about one 
fiftieth the average value for commercial iron) with 

permeability approaching one million (see fig. 4). 
The investigation of the micropowders, as the very 
fine powders with high coercivity derived from their 
crystal size are now termed, was a direct result of 
theoretical work associated with the domain theory of 
magnetism, which was originally put forward to explain 
the B-H curve and hysteresis phenomena of ferro- 
magnetic materials. All these materials, according to 
theory, are ultimately composed of small domains 
which are permanent magnets and they group them- 
selves into larger structures in which the resultant 
magnetic flux may either be very small or assume any 
value up to saturation. The coercive force is dependent 
upon the saturation flux density and thus pure iron and 
cobalt-iron alloys are of great practical importance as 
micropowders. Another important factor in obtain- 
ing useful practical magnetic materials is the degree of 
orientation of the structure, or, in 





















































100,000 other words, the extent to which the 
equivalent series gap can be reduced. 
: a Due to demagnetising effects there 
10,000 A (THEORETICAL) is an optimum spacing between the 
}\\ (THEORETICAL CURVE DOTTED) Gomains t0 give maximum coercivity 
| \ — 2 which is diminished if mechanical 
1,000 zy pressure or thermal treatment is 
1 ~\ -ALNICO 2% applied. Thus, when micro-powder 
O | COBALT $6 is compressed or heat-treated at a 
an ” q STEEL « ¥ comparatively low temperature the 
a a” coercivity is reduced, but the reman- 
og ence increases approximately with the 
—" physical density. This is of the 
>O " * greatest practical importance since 
"ie \ the micropowder alone has a very low 
= Ss physical density and must be com- 
V IRON pressed to make it into a practical 
a BS magnet. By varying the intensity of 
7 os the pressure it is possible to produce 
0-1 — Si any desired ratio of remanence to 
\ OF _— coercivity over a wide range, which is 
‘ — an advantage unknown in other per- 
0-0! - + a - manent magnets. 
0-01 0-1 100 = SIZE 
MICRONS 


10 
MICRO- A RADIO | TELE- 
POWDER 


MAGNET LOW LOSS POWDERS 








Fig. 5.—Relation of crystal or particle size with coercivity for pure iron. 


6. MANUFACTURING PROCESSES. 


An outline of the basic processes for 
making ferrites and materials in the 
powder group is shown in fig. 6. 
From similar kinds of raw material 
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two very different groups of products 
are made and yet the manufacturing 
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compacted by pressure, together with 
a binder in some cases, by reason of 
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their physical softness. This charac- 100c/s 


teristic is obtained in the hydrogen 
reduction process which changes the 
oxides from a very hard abrasive 
substance to a soft metal powder. 
The range of temperatures is required to give a wide 
variety of powders, the finest crystal size being 
obtained by reduction at the lowest temperatures. 
In some cases, particularly the production of coarse 
alloy powders, additional heat treatment and process- 
ing are necessary. 

In the case of ferrites, the binder is used to ensure 
that the incompressible mixed oxides can be moulded 
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Fig. 6.—Manufacture of moulded magnetic materials. 
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Fig. 7.—Magnetic performance curves for typical low-loss cores. 


to the required shape. The pressed compacts are weak 
mechanically and attain their mechanical strength in 
the sintering process which also volatilises the binder 
and leaves the final ferrite in a hard and homogeneous 
condition, the shrinkage being about 20 per cent. in 
linear dimensions. 

Whereas the insulation process is used in the produc- 
tion of magnetic powder cores to minimise eddy current 
losses, a similar process has been developed for 
micropowders to overcome the danger and handling 
difficulties, resulting from their extreme fineness. 
Once they are compressed to a density which also 
imparts adequate mechanical strength to the compact, 
micropowder magnets are very stable. The methods 
now used on a production scale make it possible to store 
and handle these materials without risk and to produce 
either high remanence or high coercivity magnets 
from the same material according to final methods of 
processing the pressed micropowders. 

The powder group of products is slightly porous in 
its final stage and so are vacuum-impregnated with 
suitable plastic materials which render them impervious 
to moisture. As an extra precaution a coloured stoved 
lacquer is finally applied which serves as a colour code 
and an added protection. Ferrites are non-corrosive 
in their finished state and do not require protective 
coating. 


7. MAGNETIC PERFORMANCE. 


For their electrical and magnetic performance it is 
necessary to consider these materials separately under 
the low-loss and permanent magnet categories : 


(a) LOW-LOSS CORES. 


The most important application for both ferrites 
and powder cores is in the field of telecommunications. 
The curve in fig. 7 indicates the wide range of fre- 
quencies, up to and over 300 Mc/s for which they are 
now chiefly required, although there are other applica- 
tions in the microwave region of 20,000 Mc/s. For 
much of the range in the curve it is possible to use 
either ferrites or powder cores and the choice is often 
based on economics and general considerations. 
Ferrites cannot be readily used in the form of toroidal 

















eee 








MOULDED MAGNETIC MATERIALS 125 
20 SOLID IRON Conventional cast magnets are ex- 
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Fig. 8.—B-H curves of iron powder cores. 


cores since it is necessary that they shall be used with 
an air gap to give the required stability ; for this 
reason the only design that can be efficiently used for 
the lower-frequency bands is the pot core in which 
the gap is preferably located in the centre in order to 
minimise leakage flux. 

The ferrites have some performance advantages in 
the centre of the frequency scale in fig. 7, particularly 
in the case of larger cores for such uses as television 
line transformer cores. At the lower and higher 
frequencies in the chart (fig. 7) the powder cores 
generally give better performance, and this will also 
apply for high flux density applications, such as 
interference suppressors. 

The high flux density performance of a number of 
grades of iron powder cores, both insulated and 
uninsulated, is given in fig. 8 which indicates the 
reduction in saturation flux density as the degree of 
subdivision and amount of insulation are increased, 
the lower curves representing higher frequency grades 
of core material (compare with fig. 3). 


(6) PERMANENT MAGNETS. 

The magnetising curves of the four grades of micro- 
powder magnet now in production are shown in fig. 
9. It was shown earlier that it is technically pos- 
sible to make these magnets with any required ratio of 
remanence to coercive force but for manufacturing 
reasons these have been limited to high remanence and 
high flux density grades for two qualities of micro- 
powder made respectively from alloy and pure iron. 
The energy product of the alloy micropowder in the 
high remanence grade is similar to that of the best 
non-oriented (isotropic) magnet in the steel group 
with 40 per cent. lower specific gravity, and this 
represents an appreciable improvement in efficiency 
under comparable conditions. 

The. ferrite magnets are limited to much lower 
remanence figures than those of the micropowders, 
but their high coercivity gives advantages unobtain- 
able with other magnets for special use. 

However, the majority of magnets are used with 
comparatively short air gaps for which higher reman- 
ence is desirable, especially if pole pieces are not used. 


nets are made with a binder and possess 

high specific resistance (fig. 4) with 

specific gravity of 4 gm/c.c. The high 

remanence grades have no binder and 

thus the resistivity is low but the specific 
gravity is therefore increased to about 5 gm/c.c. 
These magnets have permeability values of 25 to 12 
respectively for high remanence and high coercivity, 
compared with the much lower figures for ferrite 
and oxide magnets which are of the order of | to 2. 
It will thus be clear that these materials are com- 
plementary in their performance and together can 
cover a considerable part of the very diverse demand 
for permanent magnets. 
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Fig. 9.—B-H curves for micropowder magnets. 
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The micropowders and magnetic oxides can be 
mixed in various plastic and insulating liquids to form 
a dispersion which can be spread on to plastic sheet 
and bands for recording purposes. Present production 
materials of this type are based on magnetic oxides, 
which have low magnetic energy and are very abrasive, 
so there would appear to be considerable possibilities 
for the use of the softer micropowders which can be 
rendered non-corrosive for these applications, and 
which can carry much more energy for unit area of 
the recording medium. 


8. COMPARISON OF PROPERTIES. 


The comparison of the properties of the three groups 
of magnetic material, steel, powder, and ferrite, can 
best be summarised in tabular form (Table 2). 
Although the steel group has the general advantage 
of mechanical strength, the moulded materials are 
strong enough for most practical applications except 
when subjected to severe shock. The principal 
disadvantage of the steel group is the fact that all 
metals are good conductors of electricity and therefore 
have considerable eddy current losses especially at 
frequencies in the telecommunications range. Also 
permanent magnet metals with high energy factor are 
extremely hard physically which limits their efficiency 
and usefulness. Most of the better quality materials 
in the steel group are made from expensive alloys of 
nickel and cobalt and other strategic metals which are 
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often in limited supply, so that both micropowders 
and ferrites have important advantages in this respect. 

Permanent magnets in the steel group have the 
highest energy factors on account of the orientation 
process introduced during their manufacture. The 
principal advantage of the powder group of materials 
is that they are physically soft and this is of particular 
importance in the case of micropowder magnets. They 
generally combine high saturation flux density and low 
eddy current loss and the permeability can be varied 
over a wide range, in the case of both cores and magnets, 
in a manner which is not possible with the other 
materials. However, there is an upper limit to the 
permeability of the low-loss cores which can be 
exceeded only by sacrificing the high resistivity value. 

It is the property of high permeability, high resisti- 
vity and low losses in the same material that gives 
ferrites their particular merit and makes possible their 
wide application for television transformers, aerial 
roads and permeability tuners. Ferrite magnets have 
the special property of highest coercivity, which is of 
value in magnetic circuits with large air gaps, together 
with highest resistivity which is useful for alternating 
current applications. 

Ferrites are made from comparatively cheap and 
abundant raw materials and, although their produc- 
tion costs are somewhat high, they have important 
economic advantages for simple shapes produced in 
large quantities for low flux density applications. 
























































TABLE Il. COMPARISON OF PROPERTIES BETWEEN MAGNETIC MATERIAL GROUPS 
Steel Group Powder Group Ferrite Group 
Type Magnet | Low Loss Magnet Low Loss | Magnet |-Low Loss 
Basic Solid Sheet Metal Metal Mixed Mixed 
Material Metal Metal Micropowder | Powder Oxides Oxides 
Physical 
Properties Hard Soft Soft Soft Hard Hard 
Density 
gm/cm? 7to8 4to5 5 to 7 4to5 
Resistivity Low (Conductor) Low or High High (Insulator) 
Saturation 
Flux Density High Medium-High Low 
Remanence High ( High-Low ~— 
| Low- | Can be —_ 
Coercivity Medium | varied High 
Solid Assembled Moulding Moulding, 
Construction alloy lamina- to accurate size with sintering and 
ground tions inserts, pole pieces, grinding to size 
to size shafts, etc. 
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They are unsuitable, however, for magnet applications 
with comparatively small air gaps in which high 
remanence and close dimensional tolerances are 
needed. It is for these purposes that the micropowder 
magnets have considerable future especially if the 
advantages of their softness and the possiblities of 
moulding them with other materials and components 
are fully used. The micropowder and ferrite magnets 
have smaller energy factors than the best materials in 
the steel group, but their lower specific gravity and the 
possibility of making improved electro-magnetic designs 
with less leakage flux tend to minimise the difference 
in practice. 

To summarise, the moulded materials together 
present the following considerable advantages com- 
pared with the steel group : 

(a) improved electromagnetic designs such as 

ironclad cores. 

(6) greatly increased resistivity generally making it 
unnecessary to laminate the magnetic circuit. 

(c) economy of raw materials during manufacture 
and in the compositions of the finished products. 

(d) lower specific gravity. 

(e) use of powder metallurgy methods which give 
greater uniformity and lower costs for large 
quantity production. 

The last of these advantages introduces what is 
perhaps the most important requirement of powder 
metallurgy, that there shall be large quantities made to 
the same or very similar designs. An important ex- 
ample of this is shown in fig. 10 which illustrates the 
low-loss cores used in a transducer for measuring 
mechanical quantities by electrical methods, together 
with two similar shaped micropowder magnets used 
respectively for small indicating instruments and 
electricity meters. The transducer cores are adapted 
from designs already in use for telecommunications 
inductors. The two permanent magnets are made in 
the same press tools provided with different inserts 
for the parallel air gap for meters and for the circular 
air gap for instruments. Moreover, the depth of these 
magnets can be increased in order to give additional 
air gap flux, or to use pure iron micropowder, in 
place of the more efficient alloy micropowder in order 
to economise in the use of the strategic material 
cobalt. This makes allowance for the difference in 
remanence between the two materials, the value of 
the alloy micropowder being nearly 30 per cent. 
greater (fig. 5) for approximately the same coercivity. 





Fig. 10.—Powder cores and micropowder magnets for measurement 
applications : (left) instrument transducer cores : (right) magnets 
for meters and instruments. 
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A description of the methods used in the United States 
for making various kinds of moulded magnetic materials is 
given in an O.E.E.C. Report on Powder Metallurgy due to 
be published early in 1955. The author was a member of 
the European Mission which visited U.S.A. in October and 
November of 1953 and contributed to Group | “ Electrical 
and Magnetic Materials ”’ of that report. 
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H.M.S. Ark Royal 


By A. L. PAGET, A.C.G.1., B.Sc., 
Technical Editor of the G.E.C. Journal. 


H.M.S. Ark Royal has an illustrious heritage. She is 
the fourth of her line and appropriately links the 
Elizabethan age with the reign of our present Queen. 

The first ship to bear the name was built for Sir 
Walter Raleigh, and it is interesting to reflect that she 
cost rather less than £5,000, and, at 1,500 tons, 
was as large as any ship of her time. As the flagship 
of Lord Howard of Effingham she took a leading part 
in the destruction of the Armada. 

In 1914 the second ship of the name, a converted 
merchantman, was commissioned as the first large 
seaplane carrier and served in the Gallipoli campaign. 
In the years between the wars the Admiralty decided 
to build an aircraft carrier, designed as such and 
embodying every advantage that science and naval 
architecture could bestow upon her. Thus, in 1935, 
the keel was laid for the third vessel of the line which 
later served with great distinction in the second World 
War until she was sunk in the Western Mediterranean 
in November, 1941. 

To-day H.M.S. Ark Royal, which forms the subject 
of the cover picture, is a ship of 36,800 tons, over 808 ft. 
in length and cost £25,000,000. She is the largest 
aircraft carrier and the most formidable fighting unit 
of the Royal Navy. Built by Cammel Laird & Co. Ltd., 
of Birkenhead, she was launched in May, 1954, and 
is fitted throughout with the most modern machinery 
and equipment. Not only has she the angled deck, but 
also steam catapults, a new type of arrester gear, a 
deck edge lift in addition to central lifts, the mirror 
deck landing aid and hangars with an improved system 
of ventilation. This combination of equipment will 
enable her to fly-off and land-on the heaviest and 
fastest types of aircraft likely to be used in naval 
warfare, so that her ability to mount a seaborne air 
attack will be unsurpassed by any comparable ship. 

The deck edge lift, which is additional to the centre- 
well lifts, will be a major contribution to speedier and 
more flexible flight deck work. All three lifts, together 
with the operating machinery and control gear, were 
supplied by the Fraser & Chalmers Engineering Works 
of The General Electric Co. Ltd. 

It may appropriately be mentioned here that the 
G.E.C. has an outstanding record in the matter of air- 
craft carrier equipment which dates back over thirty 
years when, in collaboration with the Admuralty, 
aircraft lifts were developed for H.M.S. Furious, 
Courageous and Glorious. —The Company’s experience 
was again called upon for the design and manufacture 
of aircraft lifts, bomb and torpedo lifts, shell hoists 


and conveyors for the immediate predecessor of the 
present ship which, as already mentioned, was sunk 
in 1941. It is worth recording that, in fact, the 
Fraser & Chalmers Engineering Works designed and 
installed all the aircraft lifts required by the Royal 
Navy. 

The two central lifts in the Ark Royal are of con- 
ventional design, but the deck-edge lift, which is the 
first of its kind to go into British naval service, merits 
a rather fuller description. It is situated amidships 
on the port side and serves the upper hangar ; its basic 
advantage is that it is out of the way of the normal 
area of operations on the flight deck and consequently 
causes less obstruction when in use. At the same time, 
the unusual position of the lift naturally gives rise 
to problems in design and construction. This will be 
readily understood when it is appreciated that about 
two-thirds of the lift platform are inside the ship, the 
remaining third being outside. The outboard section 
can be folded over on to the inboard section to avoid 
possible fouling when manoeuvring in port. It is seen 
in this position in fig. 1. On a conventional lift the 
platform is supported along two opposite sides by 
chains and balance weights, and is raised and lowered 
by a mechanical drive powered by electric motors. 
On the deck-edge lift the chains are also placed on 
opposite sides of the platform, fore and aft, together 
with the guides which ensure that the lift remains in 
alignment with the ship. Here a difficulty arises by 
reason of the platform being partly outside the ship, 
since the positions in which supporting chains may be 
placed are limited and there is no room available for 
balance weights. The lift is therefore arranged for 
hydraulic, instead of mechanical operation, and this 
is made use of to balance the weight of the platform 
by air pressure rather than by balance weights. This 
is accomplished by means of an ingenious device 
known as the hydro-pneumatic machine, which serves 
also to drive the lift. This machine is connected to 
compressed air bottles which provide the necessary 
pressure for balancing, the difference in pressure 
required for raising or lowering duty being supplied 
by high pressure oil from three variable delivery 
pumping units driven by electric motors. These 
pumping units give the lift two speeds of operation in 
either direction. In addition to the main driving gear, 
there is a number of auxiliary hydraulic circuits con- 
trolling such things as the operating speed and the 
‘keep gear’”’ which registers and locks the lft plat- 
form in place in the raised position. 
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Fig. |.—Deck edge lift. 


From what has been said it will be obvious that the 
demand for electric power on the Ark Royal is con- 
siderable. Apart from the lighting and the numerous 
motor drives, the galleys, bakery and laundry are all 
electrically operated ; also, as in all modern ships, 
power is required for radar and other electronic 
equipment. 

The generating capacity to meet these and other 
requirements totals 4,000 kW and comprises eight 
500 kW generators feeding into a 220 volt D.C. ring 
main. The G.E.C. has supplied four 500 kW turbo- 
generator sets which are completely self-contained and 
have their own pumps and other auxiliary gear (fig. 2). 
These sets are similar in design and 
appearance to those already supplied 
to H.M.S. Girdleness except that, in 
this case, D.C. generators are used in 
place of alternators. Thereare also four 
diesel-driven sets of similar capacity. 

These eight auxiliary sets are dis- 
persed in various locations throughout 
the ship in order to minimise the 
effects of damage which may be 
sustained in action. The problem 
of damage is also taken into account in 
the layout of the distribution system, 
as it is essential, so far as is possible, 
to maintain the supply of electric 
power at all times. For this reason 
duplicate and emergency supplies are 
provided where necessary, and the 
distribution system is in consequence 
somewhat complicated, employing 
some 750 mules of cable and approxi- 
mately 350 electrically operated cir- 
cuit breakers. Control of the entire 
4,000 kW supply and the ring main 
distribution system is effected from a 
large main switchboard (fig. 3) sup- 
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Fig. 2.—One of four 500 kW auxiliary turbo-generator sets. 
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plied by the Company, and, in an 
emergency, from four smaller boards, 
each controlling a quarter of the ship. 

The galley and bakery equipment 
which, as already mentioned, is all- 


aia electric, embodies many labour-saving 


devices (fig. 4). There are four 
double-tier roasting ovens, each cap- 
able of catering for over 400 men, 
with a maximum electrical loading 
per oven of 16 kW. Egg fryers and 
deep fat fryers are on a similar scale. 
Baking is carried out in a two-deck 
drawplate oven specially designed 
to permit loading and unloading 
operations to be effected in the least 
possible space. 

Altogether there are in H.M.S. 
Ark Royal more than 1,000 motors, 
ranging in size from the 170 h.p. 
machines driving the forward capstans 
to fractional horsepower motors for 
such varied services as oil purification, 
air conditioning and the operation of workshop tools. 
Of this total nearly 600 motors are employed for driving 
the ventilation fans which maintain an adequate supply 
of fresh air throughout the ship. The excellence of 
the ventilation system has a direct bearing on the 
efficient operation of the ship. For example, the 
improved ventilation in the hangars, coupled with the 
lessened risk of danger by the use of kerosene for jet 
aircraft, greatly facilitates aircraft maintenance. 

When aviation spirit was in use in the old style of 
hangar it was necessary to hold up maintenance work 
throughout the entire hangar when there was any 
likelihood of sparks igniting the fumes. With the 
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present arrangement only a small 
section near an aircraft being fuelled 
has to be treated as a “ fuel danger ”’ 
section. 

Beyond the description of specialised 
equipment given above, it may be 
of interest to include some general 
information concerning H.M.S. Ark 
Royal. 

The main propulsion equipment, 
which was supplied by Cammel 
Laird & Co. Ltd., comprises a 
four-shaft arrangement of geared tur- 
bines which will give this ship 
the speed and degree of mobility 
essential for an aircraft carrier. 

In the construction of the hull 
electric welding was used on the 
widest scale to provide the strongest 
structure possible, but in other parts 
of the ship the highest quality riveting 
has proved essential. 

The armament consists of sixteen 


smaller calibre. All the lessons learned 
in the second World War have been 
embodied in the planning and con- 


} ‘ ‘ae 
be gr ae® fe ae i - 


Fig. 3.—The main switchboard controlling the 4,000 kW supply and distribution system. 
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4-5 in. guns and forty-five guns of Fig. 4.—Electric galley equipment. 


struction of this great floating airfield. Every case where existing practice has seemed inadequate 
of damage sustained in action has been studied and suitable improvements have been introduced. 


Ample provision has been 
made for the comfort and 
well-being of the crew and 
pilots, both as regards food 
and entertainment. 

The introduction of an 
air crew refreshment centre, 
for instance, enables pilots 
and observers to rest and 
refresh themselves before a 
flight, while the installation 
of a sound _ reproduction 
system, incorporating more 
than 100 loudspeakers and 
headphones, makes possible 
the simultaneous _ broad- 
casting of two alternative 
programmes. 

Large dining halls sup- 
plied from galleys provided 
with the most up-to-date 
cooking equipment and mess 
decks furnished with set- 
tees and tubular steel tables 
and chairs leave the Navy 
of to-day with very little 
cause for complaint. 
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articles and papers, 
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companies 


THE FLOW OF GASES THROUGH PACKED BEDS 
OF COLLOIDAL CARBON BLACKS (574).* 


By H. W. Davidson and B. M. Turk (G.E.C. Research 
Laboratories). 


British Fournal of Applied Physics, Supplement No. 3, 
pp. S 55-S 60, 1954. 


The flow of hydrogen, nitrogen and argon through packed 
beds of lamp- and carbon-blacks has been studied at atmo- 
spheric pressure and very low gas velocities. These materials 
can be packed to cover an appreciable range of porosities 
and so permit examination of the relationship between poros- 
ity and permeability over a wide range. 

It is found that: (a) the porosity functions suggested 
by Kozeny, Carman and Arnell are not applicable to such 
beds ; (6) the permeability of the bed is related to the fourth 
power of the bed density ; (c) in the case of undensed blacks 
the permeability is related to the particle size ; while for 
densed blacks the flow is governed by the width of channels 
between aggregates. 

There is reason to hope that this investigation provides 
the basis of a method for the estimation of the surface area 
of colloidal carbons. 


THE DESIGN OF TRIODES FOR U.H.F. MEDIUM-LEVEL 
POWER AMPLIFIERS (575).* 


By W. E. Rowlands (G.E.C. Research Laboratories). 


Electromc Engineering, Vol. XXVI, No. 322, pp. 522-527, 
December, 1954. 


A study is made of some of the factors involved in the 
design of U.H.F. triode output amplifier valves. A _ brief 
survey is made of considerations regarding the oxide-coated 
cathode and the design of the grid. An expression is derived 
for radiant heat dissipation in the grid which allows an esti- 
mate to be made of the effects of the heat reflexion coefficients 
of the electrodes. 

Effects of evaporation from the cathode are investigated 
and relations between evaporation rate and grid growth are 
deduced. A procedure for estimating the effect of grid growth 
on valve constants and efficiency is indicated. Factors likely 
to cause an end of life of the valve are studied and a method 
is given of estimating the life as determined by grid growth. 

The conflicting requirements of a valve of this type are 
outlined and it is shown that there is a value of cathode- 
grid spacing which gives an optimum power output at a 
given frequency. 

An assessment of the possibilities at 2,000 Mc s shows that 
triodes are capable of a useful performance. 


THE ABSORPTIOMETRIC DETERMINATION OF 
MINOR AMOUNTS OF COPPER IN METALS (579). 


By H. J. Cluley (G.E.C. Research Laboratories). 


The Analyst, the Fournal of the Society for Analytical 
Chemistry, Vol. 79, No. 942, pp. 561-567, September, 1954. 

With ethylenediaminetetra-acetic acid as masking agent, 
copper can be selectively extracted as the complex with 
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diethyldithiocarbamate from solutions containing preponder- 
ant amounts of elements such as iron, cobalt and nickel. 
The only common interfering metal that is not masked by 
EDTA is bismuth. 

Minor amounts of copper in metals can be rapidly deter- 
mined by extraction of the metal solution, containing EDTA 
and an excess of ammonium hydroxide, with diethylam- 
monium diethyldithiocarbamate in chloroform, followed by 
absorptiometric measurement of the coloured extract. 
Results are given for nickel-iron alloys, and also for five 
standard samples comprising three steels, an aluminium alloy 
and a white metal. 

In the presence of bismuth, the absorption due to copper 
plus bismuth is measured, and the extract is then treated with 
cyanide to remove the copper complex ; re-measurement of 
the remaining absorption, due to bismuth alone, permits 
evaluation of the colour of the copper complex by difference. 


THE DETERMINATION OF FLUORINE IN GLASS BY 
THE LEAD CHLOROFLUORIDE METHOD—APPLICA- 
TION TO SILICATE GLASSES OF HIGH ALUMINA 
AND HIGH BORIC OXIDE CONTENT (580).* 


By P. M. C. Proffitt, Jean E. Hansen and H. J. Cluley 
(G.E.C, Research Laboratories). 

Transactions of the Society of Glass Technology, Vol. 38, 
pp. 277-284, 1954. 


It was required to determine fluorine in the range 0:5— 
2 per cent. in experimental silicate glasses containing major 
amounts of alumina and boric oxide. 

Two methods, which have been used successfully with 
other types of glass, were found to give incomplete recovery 
of fluorine. The method finally adopted was a modification 
of the lead chlorofluoride method of Hoffman and Lundell. 
The modifications introduced rendered the method more 
suitable for small fluorine contents and overcame the errors 
arising from co-precipitation of other lead salts with the 
lead chlorofluoride. 


THE EMISSION FROM HOT CATHODES IN GAS 
DISCHARGES (581).* 


By A. E. Pengelly and D. A. Wright (G.E.C. Research 
Laboratories). 


British Journal of Applied Physics, Vol. 5, pp. 391-395, 
November, 1954. 


The emission from hot cathodes in gas discharges has 
been studied over a wide range of current and its stability 
examined. The condition of zero field thermionic emission 
has been identified in the presence of a discharge in inert 
gas. For all types of cathode investigated, the emission at 
zero field in the discharge has been found similar to that 
obtained in vacuum. At very high currents, the electron 
emission is greater than the thermionic emission, either 
because of enhancement by the field or because of y-effects 
at the cathode. 


THE NUMERICAL SOLUTION OF POISSON'S AND 
THE BI-HARMONIC EQUATIONS BY MATRICES (584).* 


By A. F. Cornock (G.E.C. Research Laboratories). 


Proceedings of the Cambridge Philosophical Society, Vol. 50, 
Part 4, pp. 524-535, 1954. 


This note describes a simple method of solving the matrix 
forms of the customary families of finite difference equations 
which approximate to Poisson’s equation (in three dimen- 
sions as well as two) and to the bi-harmonic equation. It 
is intended for use where the boundary of the region over 
which a solution is wanted is comparatively simple, that is 
to say, can be subdivided into a comparatively few rectangular 
areas or rectangular parallelepipeds. 
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THE INFLUENCE OF THE PHYSICAL AND CHEMICAL 
PROPERTIES OF THE COATING ON THE EMISSION 
FROM THE OXIDE CATHODE (587).* 


By D. A. Wright (G.E.C. Research Laboratories). 
Le Vide, No. 51, pp. 58-69, May, 1954. 


The emission investigations to be described have been 
carried out using various designs of simple diode. All have 
been pumped on mercury in glass diffusion pumps to a pres- 
sure near 10-6 mm., and have been outgassed by baking at 
400 deg. C. and by eddy-current heating the nickel anodes to 
about 900 deg. C. before and after carbonate decomposition. 
The carbonate decomposition was carried out at various 
cathode temperatures as detailed below. Barium getter was 
volatilised before seal-off from the pump. The cathodes 
consisted either of high purity electrolytic nickel or of nickel 
to the « O-Nickel » specification (Ni Co 99:5°%, min., 
Mg 0:07—0:15%, C® < 05%, Mn< 0:15 %, Fe <.0:2%, 
Si < 0-:1%, Cu < 0:1%, C < 004%, S <. 0-:005%). 


THE USE OF SEMICONDUCTORS IN THERMO- 
ELECTRIC REFRIGERATION (591)}.* 


By H. J. Goldsmid and R. W. Douglas (G.E.C. Research 
Laboratories ). 


British Fournal of Applied Physics, Vol. 5, pp. 386-390, 
November, 1954. 


In the past the possibility of thermoelectric refrigeration 
has been considered, but all attempts to produce a practical 
refrigerator have failed owing to lack of suitable thermo- 
couple materials. In this paper it is proposed that semi- 
conductors should be used and the factors governing their 
selection are discussed. It is concluded that the semiconduc- 
tors should be chosen with high mean atomic weights and 
that they should be prepared with thermoelectric powers 
lying between 200 and 300 #V.°C-!. Preliminary experi- 
ments have led to the production of a thermocouple consisting 
of bismuth telluride, BioTe,, and bismuth, capable of main- 
taining 26 deg. C of cooling. 


THE FLOW OF GLASS (592).* 
By R. W. Douglas (G.E.C. Research Laboratories). 


Transactions of the British Ceramic Society, Vol. 53, No. 11, 
pp. 748-763, November, 1954. 


In a certain range of temperature, silicate glasses exhibit 
delayed elasticity. The flow curves can be analysed in terms 
of the usual spring and dashpot elements but it is pointed 
out that in this same temperature range the physical properties 
of the glass can be observed to change with time. Such 
changes can, of course, affect the shape of the flow curves. 
If the properties change with time, the curves from repeat 


APRIL 1955 


experiments will be of different shapes, but if the shape is 
determined entirely by visco-elastic effects repeat experiments 
should give the same curves. 

A brief discussion is given of the changes in physical 
properties of glasses with time and their underlying causes. 
This is followed by a description of some experiments on 
the release of stress in fused silica in which the time variation 
of properties is separated from the visco-elastic effects. 


THE SECONDARY ELECTRON EMISSION OF SODIUM 
AND ZINC (599).* 


By J. Woods (G.E.C. Research itieaaniaaiiaes 
Proceedings of the Physical Society, B, Vol. LXVII, p. 843, 
1954. 


This paper describes experiments made to determine the 
maximum values of the secondary emission coefficients, 
Sm, Of the metals sodium and zinc. Measurements were 
made using a guided grid secondary emission valve. Elec- 
trons were accelerated from a planar, oxide-coated cathode 
by a control grid, and were focused on to the target by a 
guiding grid, which was maintained at cathode potential. 


CREEP OF REFRACTORY MATERIALS (603).* 
By J. H. Partridge (G.E.C. Research Laboratories). 


Transactions of the British Ceramic Society, Vol. 53, No. 11, 
pp. 731-740, November, 1954. 


Most refractory materials consist of crystals set in a glassy 
matrix and the rate of creep of specimens subjected to low 
tensile stresses of 500 to 1,000 g/cm.? at temperatures in 
the region of 1,350 deg. C. has been used to study the charac- 
teristics of this inter-crystalline glassy cement. It is shown 
that the flow of fired specimens of china and ball clays appears 
to be an exponential function of temperature and is governed 
by the viscosity of the glassy matrix. 


THE *TWIN-ARGON”’ WELDING PROCESS (608).* 
By J. A. Donelan (G.E.C. Research Laboratories). 
British Welding Journal, Vol. 1, pp. 403-408, No. 1954. 


Twin-Argon welding, as an inert-gas shielded polyphase 
tungsten-arc process, has been developed for the high-speed 
mechanised welding of cable sheathing and metal tube manu- 
facture. Arc phenomena, design features of the equipment, 
applications, and metallurgical aspects are described. 


* A limited number of reprints is available of those 
papers marked with an asterisk. Copies may be ob- 
tained on application to the Editor, G.E.C. Journal, 
Magnet House, Kingsway, W.C.2. 
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